Mechanisms and factors affecting removal of herbicides by biological filters. by Woudneh, Million Bekele.
1169481 (5 9 0 6 9 4 8 )
ProQuest Number: 10131123
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 10131123
Published by ProQuest LLO (2017). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLO.
ProQuest LLO.
789 East Eisenhower Parkway 
P.Q. Box 1346 
Ann Arbor, Ml 48106- 1346
MECHANISMS AND FACTORS AFFECTING REM OVAL OF 
HERBICIDES BY BIOLOGICAL FILTERS
By
M ILLION BEKELE WOUDNEH 
BSc (distinction) Ethiopia. MSc (U.K.)
A thesis submitted to the University of Surrey 
for the degree of Doctor of Philosophy
April 1996
University of Surrey 
Department of Civil Engineering 
Centre for Environmental Health Engineering 
Guildford, Surrey 
GU2 5XH
Summary i
Summary
A critical review of the mechanisms of present water treatment systems including, 
chlorination, coagulation, filtration, granular and powdered activated carbon 
adsorption, ozonation and ultraviolet radiation for the removal of herbicides is 
presented. Rapid selective and sensitive HPLC methods were developed and rigorously 
validated for the analysis of the selected herbicides.
Analysis of atrazine was made using CIS cartridges. For raw water containing 
interferences, extraction of the compound was made on SCX cartridges, followed by 
solvent exchange on CIS cartridges. A quantitative recovery of virtually 100% of the 
compound was achieved using CIS. While the double cartridge extraction of the 
compound gave a recovery of about S9%.
Previously developed methods for 2,4-D and MCPA were rigorously validated for the 
extraction and analysis of 2,4-D and MCPA. A quantitative recovery of usually greater 
than 90% was achieved for both compounds using CIS cartridges. For the extraction 
of paraquat different extraction ^stems including, reversed phase on CS and CIS, ion 
- paired reversed phase on CIS, and cation exchange on SCX, CBA, and CN were 
investigated. A quantitative recovery, usually greater than 90%, of the compound was 
obtained using CN and CBA cartridges.
The methods were then successfully used for the evaluation of the removal efficiency 
and establishment of mechanisms of removal of herbicides by biological filters at 
bench and pilot scale. Four herbicides belonging to three broad chemical categories 
were studied. The data presented in this study demonstrated that biological filters are 
very efficient in removing certain classes of herbicides. 2,4-D and MCPA were
Summary ii
consistently removed to below a detection limit of 0 . 1  |ig/l for an influent 
concentration of 3-11 jitg/l. Process variables such as flow rate, bed depth and contact 
time were investigated for the efficient removal of these herbicides. Seasonal 
variations in performance were observed and possible explanations proposed.
A series of experiments was undertaken to establish -mechanisms of removal. 
Quantitative recovery of the herbicides from the river water proved that the processes 
in the filter bed as opposed to the processes in the water were responsible for removal 
of the herbicides. It was clear from the investigation of the adsorption of the 
herbicides both on the sand and organic and inorganic dirt that adsorption on these 
surfaces was not the main reason for removal. Filter maturation experiment showed 
that the presence of microorganisms in the bed is a precondition for the removal of 
herbicides, A depth experiment for the removal of 2,4-D showed that superficial 
efficient zone of removal imitates the distribution of microbial density. This evidence 
confirms the significance of microorganisms for the removal of herbicides by the filter 
bed. The ultimate proof of the biodégradation of 2,4-D by microorganisms in the filter 
bed was the identification of the biodégradation product 2 -chlorophenol as predicted 
by the metabolic pathways of the compound.
Filter design modifications using activated carbon were made to accommodate the 
removal of 'non - biodegradable' herbicides. A sandwich sand /  GAC /  sand filter was 
investigated. Filter efficiency for this arrangement was determined and short-comings 
were identified and a possible solution in the form of a double GAC sandwich is 
suggested.
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Chapter 1 Introduction
CHAPTER 1 IN TR O D U C TIO N
i . l  General introduction
Today one of the most important water pollution problems is perceived to be the 
presence of pesticides in water sources. Different water treatment scientists have 
investigated the ability of conventional water treatment processes such as, chlorination 
(Foster et al. 1991, Fairhead 1994, Mascolo et al. 1994, Dennis et al. 1979), 
coagulation ( Foster et al. 1991, Robeck et al. 1965, El-Dib & ALy 1977a), filtration 
(Herbec et al. 1990, Petrie et al. 1993) and advanced water treatment systems such as, 
ozonation (Beltran et al. 1994a, Sonntag et al. 1993, Bourgine et al.l993), activated 
carbon adsorption (Miltner et al. 1989, Richard et al. 1991), membrane filtration 
(Hofman et al.1994, Anselme et al. 1994, Duguet et al. 1994), advanced oxidation 
(Prado et al. 1994, Benoit - Guyod et al. 1986), and radiation processes ( Gonzalez et 
al. 1994, Bourgine et al. 1995) for removal of pesticides.
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In this chapter an attempt is made to review the mechanisms of these processes in 
removing pesticides. For the purpose of this research four different herbicides, from 
three different classes were selected, atrazine (2-chloro-4-ethylamino-6- 
isopropylamino-1,3,5 -triazine), 2,4-D (2,4-Dichlorophenoxyaceetic acid), MCPA (2, 
Methyl 4-Chlorophenoxyacetic Acid), and paraquat (1,1 '-dimethyl-4,4'-bipyradinium 
dichloride). A detailed review of their environmental behaviour such as stability, 
adsorption reactions, biodegradability, toxicity, biochemical activity and effect of 
different water treatment processes on these herbicides is presented.
1.1.1 The herbicide dilemma
Today it is very fashionable to condemn herbicides, in fact it is hardly possible to find 
a published paper praising the use of herbicides. The fact is that the discovery of 
herbicides has enormously helped the agricultural industry both in efficiency and 
economic value. Food productivity has reached heights which were not possible 
before the use of herbicides. No one wants to do the arduous drudge work of weeding 
by hand any more. The technology, such as biotechnology and genetic control, to 
replace herbicides is not yet ready, at least for the foreseeable future. The point to be 
made is that herbicides despite the environmental problem they cause are going to be 
around for quite a while to come.
Herbicides have been extensively used in the past, there are few places where residues 
of herbicides are not found. Every part of our environment, air, soil, surface and 
ground water are all polluted by these biologically potent chemicals. For instance
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atrazine, a newer generation of herbicides, has been found in the arctic (cited by 
Dinham 1993). Herbicides are still being added to the environment in mega quantities, 
and they will be in use for a long time to come. The dilemma is therefore gaining all 
the advantage that herbicides have brought to the agricultural industry whilst avoiding 
the undesirable effects from using them. Water is one route of public exposure to these 
chemicals. This exposure can be reduced by evaluating and improving water treatment 
systems capacity for removal of pesticides.
1.1.2 Toxicity of herbicides
1.1.2.1 Acute toxicity (short term effect)
Acute toxicity is the immediate or short term effect of a chemical. Acute toxicity in 
water may be caused by dumping a large amount of chemical into a water system 
either by accidental or unauthorised disposal. The following water pollution examples 
cited by West in Gould (1966), demonstrate a potential for acute toxicity effects. 1) 
A truck trailer carrying weed killer was involved in an accident where the contents 
spilled over the highway and was subsequently washed into the river. 2) A herbicide 
disposal by a manufacturer into a sewer survived a treatment plant and percolated into 
ground water rendering a city well unfit for use. 3) An agricultural aircraft operator 
placed "used" pesticide containers in an irrigation ditch which drained into a larger 
water system where many fishes died. 4) Another sprayed a city reservoir with 
defoliant. These types of substantial contamination can have both long term and 
immediate significance depending on the chemical involved.
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1.1.2.2 Chronic toxicity ( Long term effect)
Given today's extensive use of herbicides both for agricultural and non agricultural 
purposes, it is almost impossible for any person to avoid daily exposure to very low 
levels of several herbicides. Adverse health effects arising from continual long term 
low level exposure is the potential for chronic toxicity.
An assumption which has been accepted in at least some quarters with regard to 
pesticides is that the effect of a chemical on human beings is in proportion to dose and 
that there is a threshold dose level below which there is no effect. However, this is not 
a safe assumption. Even a few exceptions could lead to serious mistakes. Human 
experience with chemicals for the past 1 0 0  or more years in industry and through the 
use of therapeutic drugs does not support the assumption.
The potential for chronic toxicity can be exacerbated by what is referred to as the 
"cocktail effect". The cocktail effect can be best described by West's (in Gould 1966) 
statement that " no large group of diverse and sometimes multiple chemicals 
interacting with complex living matter can be expected to add up to a simple, 
convenient and consistent formula determined by dose effect relationship". Water may 
contain a multitude of herbicides and other chemical pollutants. The total effect 
produced by these chemicals cannot be assumed to be the sum of the effects of the 
individual constituents.
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1.1.3 Routes of herbicide entry to the water environment
Generally the routes of entry of herbicides to water sources can be classified into three 
categories as being either before application, during application and /  or after 
application of the herbicide. Spillage of concentrates from storage tanks and waste of 
pesticide industries account for contamination of water before application. During 
aerial application of herbicides a portion of what is applied will be carried outside of 
the treated area by wind currents. If  a water source is in the area of drift deposition, 
then the herbicide will enter the water. Cleaning of spray tanks usually contributes to 
water pollution by herbicides. A small amount of the concentrate washed out will be 
enough to pollute a large body of water. Such pollution constitutes contamination of 
water during application.
After a herbicide is applied part of it is incorporated into the crop and part is 
volatilized into the atmosphere and part is deposited on the soil, where there may be 
chemical and /  or biological degradation. From the soil the herbicide and the 
byproduct of degradation may be leached into the ground or carried to surface waters 
in run off. Disposal of unused solutions may also contribute to contamination of water 
sources after application.
1.2 Environmental chemistry of the studied herbicides
In this section the property of the selected herbicides will be studied in great detail. 
This includes the solubility behaviour, adsorption and desorption characteristics and
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stability under different conditions. Biological behaviour in the environment is also 
reviewed, this includes biodegradability, toxicity to microorganisms, and factors 
affecting each of the above conditions.
1.2.1 Environmental chemistry of atrazine
Cl
N !/■
Figure 1,1 Chemical structure of atrazine
Atrazine (2-chloro-4-ethylamino-6 -isopropylamino-1,3,5-triazine) is a white, odourless 
powder that is marketed under numerous trade names (eg. Gesaprim®, Aatrex®). The 
substance is classified as a herbicide, as its main effects relate to photosynthesis.
Atrazine has a vapour pressure of 40 jiPa at 20 °C. The herbicide is fairly soluble in 
organic solvents with a solubility value of 52 g/kg in chloroform to 10 g/kg in octane 
-l-o l, whereas the compound exhibits low solubility in water, with a solubility of only 
30 mg/1 at 20 ^ C. Atrazine is a fairly stable compound in natural water environments 
but undergoes slow hydrolysis to the herbicidally inactive 6 -hydroxy analogue at high
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temperatures. This phenomenon is more rapid in acidic and alkaline environments.
The herbicidal action of atrazine emanates from its ability to inhibit the photosynthetic 
transport of electrons within the range of photosystem II. The inhibition of 
photosynthesis in turn affects processes that are indirectly dependent on 
photosynthesis, such as the opening of stomata, transpiration, ion transport, and other 
reactions that depend on the supply of energy. The available evidence suggests that 
it can upset the phytohormone balance (Ebert & Dumford 1976) which may lead to 
substantial disruption of overall metabolism, affecting RNA, enzyme and protein 
synthesis. Some plants such as maize and or millet possess efficient detoxification 
mechanisms (Ebert & Dumford 1976). As a consequence atrazine can be used as a 
selective herbicide in maize and millet cultivation. For a long time it was also used 
by various rail operators as a non selective herbicide to deweed railway tracks.
A number of publications are available on the biodégradation of atrazine in various 
environments. Despite the number of published reports there is not enough material 
about the kinetics of degradation in different media, for different microorganisms and 
under different environmental conditions.
Microorganisms such as algae and bacteria e.g. Pseudomonas are reported to 
biodegrade atrazine. Erickson & Lee (1989) have summarized the available literature 
on the biodégradation pathways of atrazine. They have indicated that the information 
is incomplete and needs further research. It is understood that the first step in 
biodégradation of atrazine by environmental bacteria is dealkylation, whereas the
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complete microbial mineralization of atrazine is a very slow process.
At this point it is worth mentioning that Geller (1980) reported very strongly that 
atrazine is not degraded by bacteria but bound thus simulating degradation. His work 
suggested that physicochemical decomposition (non - biological degradation) of the 
herbicide is more significant than microbial degradation. Geller (1980) has shown that 
about 0.6% Cl-deethyl- and 0.1% Cl-deisopropylatrazine had been formed in a sterile 
0.02 M  phosphate buffer at neutral pH. This shows the extent of non- biological 
degradation of atrazine. Huber's (1993) vast review of ecotoxicological relevance to 
atrazine in aquatic systems seems to support this result.
A review on the effects of atrazine on microorganisms is important since it might have 
implications for the biological filters to be investigated in this study. The effect of 
atrazine on microbial communities is investigated by various authors (Pratt et al. 1988, 
Burell et al. 1985, Jones & Estes 1984, Huber 1993, Stratton 1984 and Gadkari 
(1988)). Gadkari (1988) has reported the effect of atrazine on a mixed population of 
nitrifying bacteria at a concentration as low as 1- 2 |Xg/ml, atranne caused an 
inhibition of ammonium oxidation for 16-18 days, after which the ammonium 
oxidizing activity was resumed.
Stratton (1984) has studied the effect of atrazine and its degradation products on 
photosynthetic organisms. Toxic effects were determined by measurements of growth, 
photosynthesis, and acetylene - reducing ability of two species of green algae and 
three species of cyanobacteria. His results showed that atrazine, with Effective
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Concentration (EC50) value ranging from 0.1 to 0.5 ppm, is significantly more toxic 
than its degradation products. Besides atrazine was more toxic to all organisms tested. 
The toxicity of atrazine in the soil adsorbed state was studied by Jones & Estes 
(1984). Their results showed that both atrazine in solution and in the soil sorbed state 
produce similar toxicity effects. A multispecies algal toxicity test for atrazine was 
performed by Pratt et al. (1988). They measured both structural and functional 
community responses after dosing the communities with atrazine. A t the 337 |ig/l level 
species numbers were 30% lower than in the control. While protein and chlorophyll - 
a content of communities were reduced by 38% and 91% respectively. By contrast 
for concentrations of 3.2 to 32 |igA level 46% increase in species numbers and a 
greater concentration of total protein and chlorophyll a 41 and 57 % respectively was 
observed.
The biodégradation of atrazine, like any other organic compound, is influenced by a 
number of factors such as atrazine concentration, presence of other compounds, 
presence or absence of oxygen, and whether the microorganism had a prior exposure 
to the herbicide. Degradation of atrazine studies, performed with specially selected 
microorganisms, showed that when atrazine is present as a sole carbon source 
(conditions simulated as in natural environments) the atrazine ring was not degraded 
and the organisms did not degrade atrazine in concentrations below 1  mg/1 .
The effect of presence of other compounds is studied by (Ernst &  Rehm 1995). The 
degradation of atrazine by the organism K. pneumoniae, was improved with increasing 
amounts of glucose supplied. Referring to their earlier work they have reported that
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there was a connection between glucose concentration and the production of protein 
as well as release of ammonia. This indicates that atrazine is consumed as an organic 
nitrogen source.
The effect of presence or absence of oxygen can be seen from lessee et al.'s 1983 
experiment. They have described the degradation of atrazine by a pure bacterial strain 
under anaerobic conditions when this compound was used as a sole carbon source and 
the s-triazine ring was not degraded. The importance of oxygen in atrazine degradation 
was also shown by Behki et al. (1993), using cells suspended in a helium atmosphere, 
their results showed that atrazine was not degraded. On the other hand Ernst & Rehm 
(1995) have shown using K. pneumoniae that atrazine degradation was enhanced in 
anaerobic cultures of the organism compared to the aerobic fermentation. The 
difference can be explained by the sole purpose of uptake of the molecule by the 
microorganism. If  the compound is used as a nitrogen source the mechanism for its 
degradation is reductive and degradation is enhanced in an anaerobic environment. If  
on the other hand atrazine is used as a carbon source the mechanism is oxidative and 
is enhanced by aerobic environments.
Geller's (1980) experiment on the effect of nutrient supply has shown that nutrients 
have a strong effect on the biodégradation of atrazine by bacterial cultures. Whereas 
Behki & Khan (1986) have shown the importance of prior exposure in the degradation 
of atrazine. Their results showed that the herbicide was not degraded for up to five 
weeks in soil which was never exposed to atrazine. Whereas degradation was observed 
in soil that has a prolonged history of atrazine application. But this requirement was
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dependent on the type of organism, this was shown in their later experiment with 
Rhodococcus strains which did not require induction and degradation rate was 
observed to be the same in both cells grown in atrazine medium and cells grown 
without atrazine.
Most organic compounds can be degraded by microorganisms under suitable 
conditions, but what is important to the environmental scientist is the kinetics of its 
degradation since it is this which determines whether the biodégradation of the 
herbicide under natural conditions is sufficient to preclude concern about 
environmental pollution.
In the case of aquatic systems the literature reports half lives of atrazine between 3 
and 300 days. Research conducted on model ponds Huber (1993) supports the latter. 
Laboratory experiments conducted in water sediment system taken from a natural pond 
and from the river Rhine yielded half life figures of 80 to 90 days.
The reported half lives in the literature vary widely and could be due to the extremely 
difficult situation of having exactly the same experimental field conditions such as pH 
(hydrolysis of atrazine depends on pH), and chemical composition of water, because 
these affect the rate of decomposition of atrazine. Salinity is another factor, a higher 
degree of salinity seems to increase the rate of decomposition of atrazine. Data on the 
persistence in the soil is extremely variable; a half life of between 20 to 355 days is 
reported in the literature. The activity and persistence of atrazine in the soil are 
influenced by a large number of physical, chemical and biological factors.
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Another important aspect of the environmental behaviour of atrazine is the adsorption 
reactions that the compound undergoes with different organic and inorganic 
substances. Atrazine undergoes a number of different interactions such as van der 
Waal’s interaction, ligand exchange, H-bonding, ion exchange, and hydrophobic 
bonding. Atrazine has a pKa of 1.68 whereas the pKa of acidic groups in humic acids 
(-COOH, - phenolic, and /  or -enolic OH) is of the order of 4.8 to 5.2. Consequently 
it would appear that ion exchange would not be an important mechanism for the 
adsorption of atrazine on organic matter of the kind usually found in water.
Atrazine can form a strong H-bonding between the secondary amino group of the 
molecule and -OH or -C=0 groups of organic matter. Hamaker J. in Goring &  
Hamaker (1972) have suggested, based on infrared spectra of the adsorbed species, the 
sorption of s-triazine herbicides on soil to be mainly through hydrogen bondings. 
Another mechanism of atrazine adsorption on organic or organic - inorganic complex 
is through hydrophobic bonding. This essentially arises from a weak solute /  solvent 
interaction, and results in the partitioning of the hydrophobic solute to non polar 
surfaces. This kind of interaction is heavily governed by the solubility of the molecule.
Toxicity is another important behaviour of a compound for the environmental chemist. 
An excellent review on atrazine toxicity is made by Briggs (1992). According to 
Briggs atrazine has low to medium  ^ acute toxicity. Its chronic effects on mammals 
include: carcinogenic, mutagenic, and immunotoxic activities. It is also shown to have
 ^ The relative terms low and medium are used referring to the scale described by Briggs.
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adverse effects on other organisms such as fish, crustaceans, molluscs, and 
invertebrates.
Atrazine is detected in different aquatic environments and investigators have tried to 
evaluate the ability of different water treatment technologies for its removal. Different 
authors have studied the effect of chlorination (Foster et al. 1991, Miltner et al. 1989), 
coagulation (Foster et al. 1991), sand filtration (Richard et al. 1991, Herbec et al. 
1990), Foster at al. 1991) carbon adsorption (Kruithof et al. 1994, Richard et al.l991), 
ozone oxidation (Kruithof et al. 1994, Beltran et al. 1994a), ultraviolet radiation 
(Gonzalez et al. 1994, Nick et al. (1992), membrane filtration (Croll et al 1992, 
Duguet et al. 1994, Kruithof et al. 1994), and a combination of other treatment 
processes (Anselme et al. 1994, Richard et al. 1991, Beltran et al. 1994b), on the 
removal of atrazine from drinking water.
The studies performed by the above authors on the oxidation of atrazine by 
chlorination showed that atrazine resists chlorination, and generally a reduction of 8 - 
20 percent was reported. Coagulation experiments performed by Foster et al. (1991) 
on the removal of atrazine gave a 12 percent removal of the herbicide. Lambert & 
Graham (1995) in their review on the removal of pesticides by coagulation have 
shown that most works have reported either no removal or a percent removal of up 
to 14 percent.
Monitoring performed across biological filters have generally shown biological filters 
to be ineffective for the removal of atrazine. The removal of atraâne by membrane
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filtration depends on the type of membrane used. For nanofiltration membranes, which 
are usually used for pesticide removal, a per cent "rejection" of 66 to 98 per cent is 
reported for atrazine by the above cited authors.
The studies performed on the oxidation of atrazine by ozone showed that atrazine 
degradation depends on a number of factors, and that generally atrazine can be 
degraded up to 60 per cent by ozone. This figure can be significantly improved if  
ozone is used with hydrogen peroxide or UV light.
Removal of atraâne by UV radiation is investigated in detail by Bourgine et al. 
(1995). They have shown the dependency of per cent removal of atrazine on energy 
input, concentration of atrazine and the effect of adding hydrogen peroxide. They have 
identified degradation products. Generally a 30 per cent removal of atrazine was 
reported for 200 Wh/m  ^ energy inputs. A removal of up to 70 per cent could be 
obtained for energy inputs of around 700 Wh/m .^
Anselme et al. (1994), Beltran et al. (1994)b, and Richard et al. (1991) have shown 
an effective removal of atrazine from water by a combination of different treatment 
systems such as membrane filtration, powdered activated carbon adsorption, 
coagulation, ozonation and radiation processes.
Adsorption on granular activated carbon is generally accepted as being the process 
which is most capable of removing atrazine from water to meet the o.l |Xg/l maximum 
admissible concentration. The efficiency of this process depends on a number of
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factors such as type and presence of other compounds in the water to be treated, and 
process variables such as flow rate and contact time.
1.2.2 Environmental chemistry of 2,4-D and M CPA
R
R = Cl, 2,4-D  
R = GH3, MCPA
Figure 1.2 Chemical structures of 2,4-D and MCPA
2,4-D (2,4-Dichlorophenoxyacetic acid) is a colourless powder whereas MCPA (2- 
Methyl-4-Chlorophenoxyacetic Acid) is a colourless crystalline solid. Both the 
compounds are fairly soluble in water (see table 1.1).
The herbicidal action of these herbicides is due to the fact that they act as persistent 
auxins which induce disorderly growth by their presence in excess of the normal 
amounts. This is supported by the fact that they produce morphological effects on 
plants that indicate exaggeration of normal auxin action. According to Ashton & Crafts 
(1973) these herbicides affect almost every biological activity of a plant. They affect 
uptake, retention, and loss of water and minerals, on vitamin and oil content, 
chlorophyll and other pigments photosynthesis and carbohydrate content, on
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respiration, nitrogen, phosphorus metabolism and on enzymes and their activities.
The solubility of 2,4-D in organic solvents is much lower than the solubility of MCPA 
in organic solvents. On the other hand the solubility of MCPA is greater in organic 
solvents than in aqueous medium. These compounds form insoluble precipitates with 
calcium and magnesium in water. For these reasons formulations usually contain a 
sequestering agent which prevents the formation of these precipitates.
Table 1.1 Physical and chemical properties of 2,4-D and MCPA
Properties 2,4-D MCPA
colour colourless solid colourless
crystalline solid
melting point °C 140.5 118-119
water solubility (mg/1) at 620 825
25°C
pKa 2.62 3.07
Source : Charles & Barrie (1984).
The compounds are fairly stable in acidic environments. The stability of these 
compounds in the environment is heavily dependent on the biodégradation of the 
compounds. The biodégradation of 2,4-D and MCPA has been the subject of various 
investigations. Some (Evans et al. 1971) have identified biodégradation products and
Chapter 1 Introduction 17
suggested metabolic pathways. Some (Bollag et al.1968, Tiedje et al. 1969, Tiedje &  
Alexander 1969) have studied the enzymes responsible for the biodégradation of these 
herbicides. Others ( Kaphammer & Olsen 1990) have localized the plasmids 
responsible for encoding genes for the biodégradation process. Others have 
investigated factors that affect the biodégradation process (Kilpi 1980).
The effect of 2,4-D and MCPA on different microorganisms is studied by different 
authors. Roan & Ware (1970) in their review of the interaction of pesticides with 
aquatic microorganisms have reported the effect of 2,4-D at 1 ppm level on estuarine 
phytoplankton. They observed that there was no decrease in carbon fixation during the 
4 hr exposure period. In their review on the study of toxicity to Daphnia pulex Lethal 
Concentration (LCj^) of 2,4-D for 24 hr exposure period was found to be 3200 ppm. 
Short et al. (1991) have reported that respiration of a soil biota was not depressed by 
500 jxg/g of 2,4-D, whereas an accumulation of the major metabolite 2,4- 
Dichlorophenol showed decrease in the number of fungal propagules and a marked 
reduction in the rate of carbon dioxide evolution. On the other hand 2,4- 
dichlorophenol did not appear to depress the number of total heterotrophic spore 
forming or chitin utilizing bacteria.
Investigators have also studied factors that affect the biodégradation of these 
herbicides. Short et al. (1991) have reported that rate of degradation of 2,4-D in soil 
decreased as the concentration of 2,4-D was reduced. Using mixed bacterial cultures 
Kilpi (1980) has investigated factors affecting the degradation of both 2,4-D and 
MCPA. In his study of the effect of temperature on the biodégradation of these
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herbicides Kilpi has observed that biodégradation of the herbicides increased with 
increase in temperature but the increase was not indefinite and that there was an 
optimum temperature (at 28°C out of the studied temperatures 37, 28, 18, and 10°C 
) where a maximum biodégradation rate was observed. Kilpi has also studied the effect 
of concentration of 2,4-D and MCPA on the biodégradation process (see table 1.2).
Table 1.2 Growth (as measured by increase of turbidity Kka5 4 hr'^  ) of mixed cultures 
during initial 18 hr with increasing 2,4-D and MCPA concentrations.
Substrate Cone. % Growth
0.05 1.61
0.10 1.28
2,4-D
0.15 0.72
0.20 0.33
0.04 1.89
0.08 2,00
MCPA
0.12 1.53
0.16 0.32
0.20 0.16
Source : Kilpi (1980)
Growth of the mixed culture increased with an increase of concentration of the
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herbicide but an increase of concentration beyond 0.08% for MCPA and 0.05% for
2.4-D showed a decrease in growth. This is probably because beyond these 
concentrations the herbicides become toxic to the bacterial cultures. The importance 
of oxygen in the biodégradation of 2,4-D was shown by Bollag et al. (1968), and 
Evans et al. (1971).
Another environmental behaviour of these herbicide is their adsorption characteristics.
2.4-D and MCPA exist in neutral water as negatively charged species. Negatively 
charged organic species are normally repelled by the negatively charged clay with 
little or no adsorption. However the anionic behaviour of 2,4-D and MCPA is pH 
dependent and some adsorption is possible through hydrogen bonding and van der 
Waals forces when the pH falls below the pKa of the herbicides (herbicide in the 
undissociated form). Binding of these herbicides by clay could be possible when a 
polyvalent cation is present on the exchange complex, in which case the cation 
neutralizes the negative charge on the clay.
Probably the best toxicological review on the toxicity of these herbicides is the one 
done by Briggs (1992). Citing the literature he has reported that based on the route of 
administration, these herbicides can have high to medium acute toxic effects. Briggs 
review on the chronic toxicity of the herbicides had stated that 2,4-D can have 
carcinogenic, teratogenic, and immunotoxic, activities. It is also reported as a suspect 
mutagen and fetotoxin. The herbicide can also cause toxic injuries to liver, kidney, 
central nervous system. Not as much information is available on the toxicities of 
MCPA, but it is reported to be a suspect teratogen.
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2,4-D and MCPA are amongst the most heavily used herbicides and are occasionally 
found in water sources. The effect of some water treatment systems on the removal 
of chlorophenoxy acid herbicides has been investigated by some authors. The 
Canadian water quality guidelines (1993) citing some literature has reported the effect 
of chlorination on the removal of 2,4-D as to cause organoleptic problems. Lambert 
& Graham (1995) citing some literature have reported the removal of 2,4-D by 
coagulation to be negligible. On the other hand, the effect of coagulation on the 
removal of the chlorophenoxy acid herbicide 2,4,5-T is investigated by Robeck et al. 
(1965). The results showed that 65 per cent removal from water containing 0.01 mg/1 
of the herbicide. In the same study a 90 per cent removal was reported using 
activated carbon.
The effect of sand filtration on the removal of MCPA has been studied by Petrie et 
al. (1993). They have used a sand column onto which was dosed a solution of the 
herbicide. Removal efficiency was determined by measuring the concentration of the 
herbicide in the influent and effluent water. They have come to the conclusion that 
sand filters are not effective in removing this and other herbicides. This and other 
similar experiments have been used to undermine the capabilities of slow sand 
filtration in improving water quality. The experimental set up of a clean sand column 
cannot however be used to represent a sand filter because it lacks biological activity. 
Herbec et al. (1990), without investigating the working mechanisms, or factors 
affecting removal have reported on the effect of sand filtration on the removal of a 
number of herbicides including 2,4-D and MCPA.
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The effect of ozonation on the removal of 2,4-D and MCPA has been investigated by 
Dore et al. (1980), and Kruithof et al. (1994). Benoit - Guyod et al. (1986) have 
investigated the different possible degradation products of MCPA. The same authors 
have shown that the degradation of MCPA proceeds faster if the ozone is used with 
UV light. Prado et al. (1994) have studied the degradation of 2,4-D by ozone and 
light. They have shown that oxidation of 2,4-D with ozone depends on the pH of the 
medium and that higher pH medium favours 2,4-D oxidation by ozone. In their 
experiment they have shown that rate of oxidation depended on the ozone dose 
(ozone production rate). The oxidation of MCPA by ozone is not very much affected 
by an increase in pH (Benoit - Guyod et al. 1986). Indicating that the hydroxyl radical 
production is not the main mechanism of oxidation. For detailed information on the 
mechanisms of pesticides removal by ozonation the reader is referred to the section 
on pesticide removal by ozone.
The potential mechanisms in drinking water treatment process for the removal of 2,4- 
D and MCPA include oxidation, and adsorption on activated carbon. These herbicides 
have high solubility, relative low toxicity to microorganisms and very high rate and 
extent of biodégradation. This makes them theoretically removable by biological 
filtration. The effect of biological filtration on these herbicides is the subject of this 
research and is extensively dealt with in the results and discussion section.
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1.2.3 Environmental chemistry of paraquat
201-
Paraquat dichloride
Figure 1.3 Chemical structure of paraquat.
The bipyridinium herbicide paraquat is the salt paraquat dichloride. Like all other salts 
it largely dissociates in water to produce negative and positive ions and is an 
electrolyte. Paraquat dichloride is a colourless solid which is very soluble in water and 
much less soluble in organic solvents. The salt decomposes at 300°C and has a 
negligible vapour pressure at room temperature. Citing some earlier work Hayes et al. 
(1975), have reported the size of paraquat to be (1.3 - 1.4) nm long by (0.6-0.7) nm 
high.
Paraquat is stable in almost all acidic and neutral environments, whereas it is unstable 
in high pH environments. The instability of paraquat in the pH range of 10-12 and 
above is explained by different chemical mechanisms all passing through a relatively 
stable free radical cation. The photochemical degradation of paraquat has been 
reviewed by Summers 1980. Paraquat is photochemically active and is degraded by 
exposure to light. Evidence exists for the view that paraquat is hardly degraded by
Chapter 1 Introduction 23
microorganisms when adsorbed by expanding clay minerals. Hence the stability of 
paraquat should also be seen in terms of the ability of the herbicide to get adsorbed 
by different components of the environment (such as organic and inorganic colloids, 
organic matter, plants and microorganisms) which can shield the destruction of the 
compound from a number of chemicals and /  or microbial attacks.
Paraquat is stable to chemical attacks and this can be seen by its ability to withstand 
extraction from soil by refluxing using 9 M sulphuric acid. The variability of paraquat 
stability in aquatic environments were demonstrated by Grzenda et al. (1966). They 
used different lakes to observe dissipation of paraquat from aquatic environments. The 
result showed that there was a difference in the rate of dissipation of paraquat between 
the two lakes which were explained by the differences in the turbidity of the two 
lakes.
The herbicidal activity of paraquat is considered to be by interception of 
photosynthetic transport of electrons. Paraquat having a reduction potential generally 
reported by various authors to be between -0.4 V to -0.5 V  (Summers 1980) is able 
to accept electron in competition with FRS (ferrodoxin reducing substance) or at some 
point prior to ferrodoxin with in the range of photosystem I.
The inhibition of photosynthesis in turn affects processes that are indirectly dependent 
on photosynthesis such as the opening of stomata, transpiration, ion transport and other 
reactions that depend on the supply of energy. For detailed information on the 
mechanism of its herbicidal activity the reader is referred to reviews by Morland in
Chapter 1 Introduction 24
Audus (1976a) and Summers (1980).
The adsorption and desorption behaviour of paraquat is of interest to the 
environmental chemist. Paraquat has a strong affinity for adsorption on to different 
surfaces. One of the mechanisms by which paraquat gets adsorbed onto surfaces is 
through weak van der Waal - London interactions. Electrostatic bonding is another 
important type of adsorption reaction for the adsorption of paraquat on to surfaces. 
Such bindings exists through the process of cation exchange and are influenced by 
pH. The double positively charged organic cation paraquat replaces inorganic cations 
such as Na  ^and K .^ Such reactions are responsible for the adsorption of the herbicide 
by clay minerals, kaolinite, illite, and montmorillonite.
Hydrogen bonding plays an important role in the adsorption reaction of paraquat 
through the two nitrogen atoms in the compound to produce adsorption of the 
compound at particle surfaces particularly on surface oxygens of many clay minerals 
and humus. Investigators have also indicated charge transfer reactions as another type 
of reaction by which paraquat gets adsorbed onto different surfaces. Charge transfer 
involves the transfer of electrons from electron donors such as many of the functional 
groups in humic materials to the electron acceptor.
Burchil & Hayes in Greenland & Hayes (1981) in their review of adsorption have 
reported that, when the poor electron acceptor paraquat gets complexed with humic 
substances the plane bending vibrations at 815 cm'^  (infrared absorption band) are 
shifted to 825 cm'^  indicating the charge transfer complex formation of the compound.
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Charge transfer reactions are a well studied mechanisms in organic and inorganic 
chemistry and detailed information can be found in text books of organic and 
inorganic chemistry.
Adsorption is usually a reversible phenomenon except of course in cases of 
chemisorption where the chemical nature of the compound changes. In cases of 
electrostatic bonding adsorption of paraquat the adsorption reaction can be reversed 
by a cation exchange mechanism i.e. arrival of a more energetically favoured 
adsorbent such as Ba^  ^and Ca^  ^or high ionic concentration of ions such as Na  ^and 
leads to the displacement of the adsorbed paraquat.
The desorption of paraquat from various components of a soil are investigated by 
various authors (Burns & Hayes 1974, Hayes et al. 1975). The latter in their review 
of the interaction of bipyridinium compound with clay minerals have showed 
desorption of 80% of the adsorbed paraquat from Na* Kaolinite clay, while only 5% 
from Na^montmorillonite by using 1 M  BaClg. In the same review treatment with 
0.005 N of the chloride salt solution of Af^, Ca*^ , Mg^ ,^ or K  ^released up to 70% of 
the adsorbed paraquat from vermiculite clay which previously adsorbed paraquat, 
while only about 15% of paraquat were desorbed from paraquat-montmorillonit 
complex. Desorption of paraquat from organic matter was investigated by Burns &  
Hayes 1974).
Some researchers ( Anderson & Drew 1972 ) have reported paraquat to be degraded 
by some microorganisms in the environment. Generally microbial degradation of a
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compound depends on a number of environmental factors such as pH, temperature, 
availability of oxygen, and adsorption of the compound. For detailed information on 
factors affecting degradation of a compound the reader is referred to reviews by 
Baughman & Paris (1981) and Lai (1982 -1985)
Keeping the rest of the factors favourable the biodégradation of the bipyridinium 
herbicide paraquat appears to depend heavily on the adsorption of the compound on 
surfaces, mainly soil minerals and humus. The effect of adsorption on microbial 
degradation of a compound is disputable and no general statement can be made on its 
effect either for or against microbial degradation. Assuming a free unadsorbed 
pesticide is available for microorganisms, adsorption might be expected to reduce 
microbial degradation of the compound.
On the other hand microorganisms are abundant on or near the solid surface, 
particularly those of organic matter, so that adsorption could enhance microbial 
degradation by concentrating the pesticide in the regions of greatest microbial activity. 
Graham -Bryce (in Greenland & Hayes (1981)) has cited some work and shown that 
in some cases degradation can be catalysed by adsorption. The degradation of 
chlorotriazines in soil was explained by adsorption catalysed hydrolysis.
The reduced microbial degradation of paraquat in an environment rich with clay 
minerals can be explained by the former argument that adsorption protects paraquat 
from microbial attack. In his review Summers (1980) has reported that paraquat 
adsorbed in the interlayers of the expanding clay minerals such as montmorillonite
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were less accessible to microorganisms and were hardly degraded, while paraquat 
adsorbed on the surfaces of the non expanding clay mineral kaolinite were readily 
available for microbial attack. Evidence exists for the degradation of unadsorbed 
paraquat. In his review of microbial transformation of pesticides Hartley (in Audus 
1976b) has reported the degradation of paraquat in solution.
A detailed study of paraquat degradation was undertaken by Anderson & Drew (1972) 
using the soil yeast Lipomyces, The ability of the organism in degrading paraquat in 
a variety of environmental conditions such as pH, temperature, type of environment 
(anaerobic and aerobic), presence of alternative carbon source, and presence of 
additives in paraquat formulations. The yeast was able to degrade paraquat over a wide 
range of all of the above variables. For a detailed review of different microorganisms 
capable of degrading paraquat the reader is referred to reviews by Summers (1980).
Microbial toxicity of paraquat is reported by Gadkari (1988) in his experiment he 
compared the influence of atrazine and paraquat on a mixed culture of nitrifying 
bacteria. At concentrations of 1 |ig/ml paraquat exerted a complete inhibition of 
ammonium and nitrite oxidation for 40 days. By comparison atrazine in concentration 
range of 1-2 jig/ml caused only an inhibition of ammonium oxidation for a period of 
16-18 days. In the presence of atrazine (1 pg/ml) the rate of nitrite oxidation was 
increased. Inhibition of growth of a number of nitrogen fixing microorganisms by 
paraquat is reviewed by Summers (1980).
Roan & Ware (1970) in their review have shown that at 1 mg/1 level paraquat caused
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a 59% decrease in carbon fixation while at the same concentration 2,4-D has no effect 
on the studied estuarine phytoplankton. One of the most extensive reviews on the 
effect of paraquat on microorganisms is made by Summers (1980), His review clearly 
shows the antimicrobial activity of the herbicide. By and large with the available data 
paraquat seems to be the most antimicrobial of the four studied herbicides.
Mammalian toxicity of a herbicide is of interest to the water and environmental 
scientist. The toxic effects of paraquat are reviewed by Briggs (1992). It is shown that 
paraquat has high to very high toxicity On the toxicity rating scale reported by Briggs. 
Its long lasting (chronic) reactions are reported as a suspected mutagen, a suspected 
teratogen, and a suspected neurotoxin. It is also known to affect organs such as brain, 
liver, kidney, pancreas, gastrointestinal tract, adrenal, heart, muscle and eye.
Despite its heavy use monitoring of paraquat is not usually performed. One of the 
reasons for this is the difficulty of its analysis. The behaviour of the compound as 
discussed in the previous paragraphs shows that once applied it remains on the surface 
soil waiting to be washed off or desorbed by a salty water, the available information 
on the ability of water treatment processes on the removal of paraquat is reviewed in 
the following paragraph.
The only work available on the effect of water treatment systems on paraquat is that 
of Faust & Zarins (1969), using batch laboratory experiments they have tried to show 
the effect of chemical coagulation using aluminum sulphate as coagulant, and 
activated carbon adsorption using Aqua Nuchar carbon. Despite the high
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concentration of paraquat used in their experiment removal by coagulation is less than 
10 %, though process parameters were not determined their batch adsorption 
experiment showed that paraquat can be significantly removed from water using 
activated carbon. Owing to the ionic nature of paraquat it can also be expected to be 
removed by ion exchangers but such treatment systems are very expensive and are not 
commonly used in the drinking water treatment industry.
There is no available information on removal of paraquat by biological filters such as 
slow sand and gravel filters. It can be reasoned that free dissolved paraquat might be 
partly removed by sand filters, but since sand filters are penetrated by colloids with 
relative ease, so does the associated paraquat, which is proved to be strongly adsorbed 
on colloids.
Although paraquat is rapidly adsorbed by soil constituents in the area of application 
it can be transported by ways such as water erosion. Soil particles can be eroded by 
water, for a given rainfall, the erosion will be dependent upon the kind and amount 
of the soil cover, kind of soil, steepness and length of slope. Since the objective of 
this project is not to discuss factors affecting erosion of a soil but mechanisms of 
paraquat transport the interested reader is referred to general soil conservation 
textbooks.
Soil particles carried with an eroding water will come to rest when the kinetic energy 
of an eroding water is spent. When the water flow velocity decreases the larger 
particles settle first. Thus the distance the material will be transported depends on the
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velocity of water and particle size. The higher the velocity of the eroding water the 
longer the distance the particles will be transported. The smaller the particle the longer 
it will be transported which has significant implication for transportation of particle 
associated paraquat. Since the smaller particles would have the larger surface area per 
unit mass and have more pesticide adsorbed.
The amount of pesticide transported in such a way is generally dependent on the 
nature of the pesticide i.e. the higher the adsorbability of the pesticide the more it will 
be transported by such mechanisms. Generally the soil being removed by erosion is 
at the top surface. Therefore it is expected that a pesticide which has lower affinity 
will percolate through the soil profile and be less transported. Since paraquat is 
preferentially more adsorbed to colloidal particulates its transport by such mechanisms 
can be assumed to be considerable.
1.3 Mechanisms of pesticide removal by different processes
In this PhD different treatment processes will be investigated with emphasis on the 
mechanisms at work for the removal of different types of pesticides. Emphasis in this 
study will also be given to the factors affecting removal of the pesticides by these 
processes. For convenience the different processes are classified into four major 
groups, physical, chemical, biological, and radiation processes. Physical processes are 
those processes where there is removal of pesticides without a change on the chemical 
nature of the compound. Chemical processes are those processes where the removal
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of the pesticide is brought about as a result of a chemical reaction. Biological 
processes are those processes where removal of the compound is brought about as a 
result of the presence or participation of a microorganism, and radiation processes are 
those processes where breakdown of a pesticides is brought about by the use of 
radiation.
1.3.1 Physical processes
Today different physical processes are used for removal of pesticides from water. 
Included under this category are membrane filtration, coagulation, granular activated 
carbon adsorption, and powdered activated carbon adsorption.
1.3.1.1 Membrane filtration
One of the advances in water treatment technology is membrane filtration, membranes 
are thin barriers which allow small molecules to pass through, while larger molecules 
are retained and concentrated. There are a number of different fundamental processes 
using different driving forces. These include pressure (reverse osmosis, nanofiltration, 
ultrafiltration, microfiltration), vapour pressure (pervaporation), and electrical 
(electrodialysis). The membrane materials, pore size and selectivity can be widely 
varied allowing the membrane to be closely matched to specific separation 
requirements.
Out of the above mentioned types of membrane filtration processes the pressure driven
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category is of the utmost interest to the water treatment scientist. The discussion in 
this section will be limited to these processes while the interested reader is referred 
to text books by Brock (1983) and Tuminer (1962)
Pressure driven membranes are categorized into four. The first of these is Reverse 
Osmosis (RO). These membranes are the ’tightest* of all membrane types . RO 
membranes retain virtually all dissolved molecules, but allow water to pass through. 
RO is normally used as a dewatering process, resulting in relatively pure water and 
a highly concentrated effluent stream which requires further treatment. It is usually 
carried out at high pressure; up to 60 bar being common.
A second category is Nanofiltration (NF). This can be regarded as a form of 'loose' 
RO in which the majority of pollutants are retained by the membrane, but water, salts 
and low molecular weight organics pass through. NF can be used to concentrate 
effluents where high salt loading prevents the use of other treatment processes. In this 
case the operating pressures are lower, being in the region 20 - 40 bar.
The third category is Ultrafiltration (UF). This involves the separation of large 
molecules in solution, colloidal material, and suspended matter, from smaller dissolved 
molecules. Operating pressure ranges from 5-15 bar. A wider selection of membranes 
are available for RO or NF. They are usually characterized by their nominal molecular 
weight cut - off.
The final category is Microfiltration (MF). This is the separation of materials in
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suspension from those in solution. The choice of UF or MF depends on whether pore 
plugging of the MF membranes is likely to occur, which would reduce the efficiency 
of the MF process vis - a- vis UF. MF usually operates best at low pressures; less than 
5 bar is common. Membranes of this type are usually too open to retain organic 
molecules.
Out of the four classes discussed, pesticide are shown to be considerably removed by 
the RO (Baier et al. 1987) and NF (Anselme et al. 1994, Hofman et al. 1994) 
processes. Ultrafiltration efficiency removes turbidity and microorganisms such as 
bacteria and viruses. However the pore size (around 10 nm) does not allow the 
removal of micropollutants such as pesticides. Some authors have suggested that for 
UF to be effective for removal of pesticides, it has to be used with other treatment 
processes such as powdered activated carbon (Duguet et al. 1994).
Membrane filtration being a strictly physical absolute separative technique, does not 
require addition of a chemical or the use of high energy radiation. As opposed to the 
oxidative treatment systems such as ozonation and chlorination there is no byproduct 
formation and is generally a single treatment system capable of removing bacteria, 
viruses, particles and inorganic and organic chemicals. Another advantage of the 
membrane treatment system is that the treated water quality is not usually dependent 
on the raw water quality. This puts membrane filtration processes ahead of most of the 
advanced treatment systems.
Different authors have reported removal of pesticides by membrane filtration
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processes. Hofman et al. (1994) have studied the rejection of six pesticides, atrazine, 
simazine, bentazone, diurone, DNOC, and dinoseb, on four different nanofiltration 
membranes. During the operation period of 50 days a mixture of the pesticides was 
added continuously to the pretreated water of the pilot plant at a rate of 1 ng/l per 
pesticide. Performance of the four membranes was different for the six pesticides, 
although the results for the removal of Natural Organic Matter (NOM) by the filters 
was comparable. A per cent rejection of slightly lower performance was reported by 
Croll (1992) for atrazine and simazine using the membrane NF- 70.
The removal of aldicarb sulfoxide, and aldicarb sulfone, was studied by Baeir et al. 
1987 using seven different membranes for an influent pesticide concentration of about 
39 p.g/1 and 47 |ig/l . Five of the membranes removed the sulfoxide below 1 p.g/1 
where as only two membranes removed the sulfone below 1 p.g/1, while effluent 
(permeate) concentration of up to 3 |J-gA where monitored in the rest of the cases.
Membrane filtration like most of the water treatment systems is not free of problems. 
Generation of a very high concentrate is one and another is a limited category of water 
can be treated. Hence the theoretical advantage of its being a single treatment stage 
is lost. Most membranes have a variable per cent rejection for pesticides and is 
generally less than 90 per cent. When considering a tight guideline value for 
pesticides, this makes the application of membrane processes for removal of pesticides 
only as a full stream treatment, and makes the use of other pretreatment processes 
unavoidable.
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The mechanisms of pesticide removal by membrane filtration are not clearly 
understood and different theories have been suggested. As a matter of empirical 
observation rejection of pesticides by membrane filters is mainly determined by their 
physico - chemical properties and the membrane material. Compounds with higher 
molecular weight show, generally higher rejections, Steric, polar effects, degree of 
association and adsorption also have large effects on retention. Generally it appears 
that ionic species are rejected based , on an overall hydrated diameter, while organic 
molecules are rejected based on size, organic size is largely gauged by the molecular 
weight of the compound.
1.3.1.2 Coagulation
Different authors have investigated the removal of pesticides by coagulation. The 
object of this section is not to report the extent of removal of different pesticides as 
investigated by different authors (Foster et al. 1991, Robeck et al. 1965, El-Dib & Aly 
1977a) but to analyze and explain the mechanisms and factors affecting removal of 
pesticides by coagulation. A good review of pesticides removal by coagulation 
treatment processes is made by Lambert & Graham (1995).
The mechanisms of pesticide removal by coagulation can be generalized into the 
following groups:
1) Clay - pesticide interaction followed by coagulation.
2) Partition on floes.
3) Humic acids - pesticide interaction followed by coagulation.
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4) Charge destabilization or neutralization followed by partitioning on floes.
Pesticides present in water can interact with clay colloids and form pesticide - clay 
complexes. The removal of such colloids brings about the removal of the pesticides. 
Coagulation is generally an effective water treatment process for the removal of clay 
colloids. Hence theoretically it can be expected that such pesticide - clay complexes 
will also be effectively removed by coagulation, but there is no experimental proof to 
support this hypothesis. For such removal mechanism to work the pesticide should 
have a strong affinity for clay colloids. Generally most pesticides interact with clay 
minerals in soil but extrapolation of this fact to aquatic environments has to consider 
the chemical nature of the pesticides to form a clay - pesticide complex as well as the 
behaviour of the pesticide in a high water activity medium. It is a basic 
thermodynamic principle that compounds with a higher energy of solvation compared 
to the energy of adsorption or interaction with the clay would prefer to stay in solution 
and vice versa.
The second mechanism can be through humus - pesticide interaction. Humic 
substances are usually present in natural waters and interact with pesticides. The extent 
of the reaction depends on both the nature of the humic mater and the pesticide and 
the pH of the water. Humic substances are substantially removed by coagulation, but 
the removal of the complex is governed by the nature of the complex and it is the 
larger molecule which usually governs the complex's behaviour. For practical 
purposes once the pesticide is associated with humic matter with strong intermolecular 
force it is reported as removed since most of the analytical methods available today
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are not capable of distinguishing the two.
Some of the kinds of interaction which can exist between a pesticide and a humic 
matter include: Intermolecular interactions such as van der Waal's forces, hydrogen 
bonding, ion exchange, ligand exchange and pure electrostatic attractions. The removal 
of such organic complexes also bring about the removal of the pesticide.
Dissolved and /  or suspended clay minerals and organic matter adsorb pesticides, the 
extent of adsorption depends on the type of clay, the nature of the pesticide such as 
charged, uncharged, polar non polar, capacity for ligand exchange, and the pH of the 
solution. These factors are extensively discussed in any general soil chemistry text 
book and will not be dealt with any further.
For the best removal of pesticide to occur there has to be the strongest interaction 
between the organic and inorganic constituents of water which can be removed by 
coagulation with the pesticide of interest. Though theoretically there are many different 
interactions possible to allow removal of pesticides by coagulation. These interactive 
forces become insignificant within the solubility range of the pesticide in a large water 
activity medium. Generally coagulation is not an effective means for removal of 
pesticides from water, and pesticides affected by coagulation are usually the very low 
solubility organochlorines, whereas the more modern pesticides are generally only 
slightly or not affected by coagulation. This behaviour could be explained due to the 
higher solubility of these pesticides compared to earlier low solubility pesticides.
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The American Water Works Association (AWWA) research committee report (1979) 
on coagulation has reported, citing some earlier work, that coagulation with alum 
followed by sedimentation and filtration removed 84 to 95% of DDT from water 
containing 0.1 mg/1 and 10 mg/1 respectively. Similar results are reported for ferric 
salts under the same condition. Robeck et al. (1965) have reported removal of 
approximately 97% from water containing 10 to 25 |Xg/l DDT and has also reported 
a 55% removal for dieldrin. In this study activated silica was used as an aid to alum 
coagulation. The AWWA committee report has cited literature where another 
investigator studied the removal of DDT from water with varying hardness and could 
not reproduce the higher percent removals observed in the previous studies. It  was also 
noted that an increase in coagulant dosage did not improve removal, while per cent 
removal decreased with carbonate hardness.
In comparison to DDT and dieldrin removal, the removal of other pesticides such as 
lindane, parathion (Robeck et al. 1965), isoproturone, atrazine and mecoprop (Foster 
et al. 1991) and the phenylamide pesticides studied by El-Dib &  Aly (1977a) by 
coagulation process is largely ineffective.
Another important point is that removal of different pesticides by coagulation 
processes is not well investigated. There is a great need for research in this area 
particularly using different polymer coagulant aids for the removal of organic 
micropollutants.
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1.3.1.3 Granular activated carbon adsorption
Adsorption is defined as the taking up of molecules by the external or internal surfaces 
of solids. Adsorption occurs on these surfaces because of attractive forces of the atoms 
and molecules that make up the surfaces. When impurities are adsorbed from a liquid 
onto a surface, the adsorption process occurs on to a solid - liquid interface and 
reactions occurring at the interface determine the rate and extent of adsorption. These 
reactions are influenced by the factors described in the following sections.
Particle size and surface area are important properties of an adsorbent. The size of the 
adsorbing particle influences the rate at which adsorption occurs, adsorption rate 
increases as particle size decreases, thus the greater the particle size of the adsorbent, 
the smaller the adsorption rate.
The total adsorptive capacity of an adsorbent depends on its total surface area; the size 
of the adsorbing particles does not have a great effect on total surface area, since most 
of the surface area lies within the pores of the activated carbon. Thus equal weight of 
the adsorbents would have essentially the same capacity in larger particle size or in 
smaller particle size form.
The pH at which adsorption is carried out has been shown to have a strong influence 
on the extent of adsorption. This is particularly due to the fact that hydrogen ions 
themselves are strongly adsorbed, and partly that pH influences ionization, and thus 
the adsorption of many compounds. Organic acids are more adsorbable at low pH
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whereas the adsorption of organic bases is favoured at high pH. The optimum pH for 
any adsorption process must be determined by laboratory testing.
For adsorption to occur the molecule must be separated from the water and must 
become attached to the carbon surface. Soluble compounds have a strong affinity for 
their solvent and thus are more difficult to adsorb than insoluble compounds. 
However, there are exceptions, since there are compounds which are slightly soluble 
but difficult to adsorb, whereas some very soluble compounds may be adsorbed 
readily.
Molecular size would logically be important in adsorption, since the molecules must 
enter the micropore of a carbon particle so as to be adsorbed. Research studies have 
shown that within a homologous series of aliphatic acids, aldehydes or alcohols, 
adsorption usually increases as the size of the molecule becomes greater. Adsorption 
is strongest when the pores are just large enough to permit the molecules to enter.
The temperature at which an adsorption process is conducted will affect both the rate 
and extent to which adsorption occurs. Adsorption rates increase with increased 
temperature and decrease with decrease in temperature. However, since adsorption is 
an exothermic process, the degree of adsorption will increase at lower temperature and 
decrease at higher temperature.
Another important factor for adsorption is the time the adsorbate spends with the 
adsorbent. In column operation this factor is defined as the empty bed contact time
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(EBCT). EBCT is defined as the quotient of the adsorbent bed volume (m )^ and the 
water flow rate (mVmin). The effect of contact time on the efficiency of adsorbents 
is not clearly understood. Hyde (1989) observed that increasing contact time did not 
result in more efficient use of G AC for chloroform removal. However, from the same 
experiment, they observed efficient removal of Total Organic Carbon (TOC) with 
increasing contact time.
An increase or decrease of flow rate for the same bed depth has the same practical 
effect as decrease or increase of EBCT. An increase of flow rate for a given bed depth 
results in a fast passage of the water through the bed giving less time for the 
pesticides or any adsorbate to diffuse through and come in contact with active 
adsorbent surfaces.
EBCT can be changed either by change of flow rate or by change of the bed depth of 
the carbon. For a given flow rate and dimension of bed, the effect of changing a bed 
depth produces the same effect as change of the EBCT, since the contact time and bed 
volume are directly proportional.
When an activated carbon is allowed to stay with an adsorbate solution after some 
time an equilibrium is reached. At equilibrium, for a given temperature, there is a 
defined distribution of the adsorbate between the liquid and solid phase. This 
distribution is defined by an adsorption isotherm.
An adsorption isotherm consists of a curve plotted with residual concentration in water
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as the abscissa, and the amount of the particular substance adsorbed per unit weight 
of carbon as the ordinate. A reading taken at any point on the isotherm gives the 
amount of substance adsorbed per unit weight of carbon, which is the carbon 
adsorptive capacity at a particular concentration of the substance and water 
temperature. Slightly different adsorption isotherm models have been developed. The 
two most commonly applied are the Freundlich and Langmuir adsorption isotherms.
The Freundlich model is based on the assumption that the adsorbent has a 
heterogeneous surface composed of different classes of adsorption sites, with 
adsorption on each site following the Langmuir isotherm.
In a very dilute solution, such as water, a logarithm isotherm plotting usually gives a 
straight line and is represented by the Freundlich equation (Equation 2) which relates 
the amount of impurity in the solution to that adsorbed as follows:
x/m = KC '^^ ..............................................................................................Equation (1)
or log x/m = log K + 1/n log C Equation (2)
where
X = amount of substance adsorbed 
m = weight of carbon (adsorbent), 
x/m = amount of substance adsorbed per unit weight of carbon 
K and n are constants 
C = unadsorbed concentration of substance left in solution.
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The Langmuir model is based on the assumption that points of valency exist on the 
surface of the adsorbent and that each of the sites is capable of adsorbing one 
molecule, thus the adsorbed layer would be one molecule thick.
The Langmuir model can be mathematically expressed as equation 3,
1/x/m = 1/b + 1/abc  .................    Equation (3)
where a and b are constants
X = amount of substance adsorbed 
c = unadsorbed concentration of substance left in solution, 
m = weight of carbon (adsorbent)
It may be considered that there are three consecutive stages in the adsorption of 
materials from solution by adsorbents:
1) The transport of the adsorbate to the exterior surface of the adsorbent.
2) The diffusion of the adsorbate into the pores of the adsorbent, with the 
exception of some amount of adsorption that occurs in the exterior surface.
3) The adsorption of the solute on the interior surface of the adsorbent.
The slower process of the three controls the overall uptake rate of materials by carbon.
Under appropriate conditions, the transport of the adsorbate to the adsorbent may be 
rate limiting, but if sufficient mixing is provided it would appear that diffusion of the 
adsorbate into the carbon pores should control the rate of uptake. One of the most 
important factors to be investigated is therefore the nature of the step that controls the 
speed at which the reaction proceeds.
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For a process in which the overall rate is controlled by a strictly adsorptive reaction, 
the variation of rate should be directly proportional to the concentration of solute. 
However, complex theoretical equations for intraparticle diffusion indicate that the 
relationship between concentration and rate of this reaction w ill not be one of direct 
proportionality, since concentration affects a number of the parameters of these 
equations.
Qualitatively, if diffusion of solutes within the pores and capillaries of the carbon 
limits the rate, the variation of rate with concentration is not expected to be linear, 
whereas a direct proportionality is anticipated for strictly adsorptive reactions. Thus 
the concentration dependence on the rate of reaction may be used as a partial test of 
the hypothesis, regarding the nature of the rate limiting step. The effect of the 
concentration of solute on the speed at which its uptake on carbon proceeds is also 
significant for any prediction of the most efficient manner in which this material can 
be used for the treatment of wastes that contain low concentrations of organic 
contaminants.
For processes in which the rate limiting reaction is the adsorptive step, the rate is 
expected to vary as the reciprocal of the diameter of the adsorbent. On the other hand, 
the rate of diffusion of solute into the pores of a particle will vary with the reciprocal 
of the square of the diameter of the particle. Variation of rate with particle size is then 
another method that is useful for the characterization of the rate limiting mechanism. 
Robeck et al. (1965) have shown, using six different chlorinated and 
organophosphorus compounds with adsorption isotherm and multiple GAC treatment.
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that it is possible to reduce pesticide concentration to below the detectable minimum 
of 0.01 |ig/l. In the experiment, they have used two GAC filtration stages. The first 
carbon was able to reduce the pesticide concentration to 0.3 jXg/1, the second carbon 
column was able to reduce the pesticides to 0.05 |xg/l or less and in many instances 
the final effluent was below the detectable minimum level of 0 . 0 1  p,g/l.
Miltner et al. (1989) showed using Fermonts sand replacement GAC bed during the 
1984 monitoring period, using 18 in deep GAC bed which was in place 30 months 
prior to monitoring, and the pesticide loading onto the bed during previous periods of 
run off was not known consequently comparative GAC use rates could not be 
determined. Nevertheless their data suggest that even shallow bed depths can reduce 
the concentration of multiple agricultural pesticides by 50 per cent or more for several 
years.
Adsorption onto activated carbon is generally accepted as being the process which is 
most capable of removing a range of pesticides from water to meet 0.1 |ig/l Maximum 
Admissible Concentration (MAC) set by the European community (EC). Many plants 
in Europe and the U.S. incorporate GAC for pesticide removal. However, plant 
performance varies generally according to (a) the type of carbon used (b) the 
pesticide being removed and (c) other organic compounds present in the water.
Regeneration or replacement of the activated carbon is the principal operating cost for 
this process. Different investigations of different carbons have shown ten fold 
variations in cost of GACs used.
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In pilot scale trials on spiked river Thames water (see table 1.3), nine GACs were 
compared for the removal of both the individual specific compounds and for general 
organic removal measured by absorbance at 254 nm. The results show that the best 
GAC for Trihalomethane (THM ) removal tend to be the worst for pesticide removal 
and vice versa. The results show wide variations between different GACs in terms of 
removal of general and specific compounds from the same water with a ten - fold 
difference in effective carbon dose required between the most and the least efficient 
GACs investigated.
The data shows that selection of an inappropriate GAC for a particular application 
may mean that regeneration has to be carried out up to 1 0  times more frequently than 
necessary, resulting in a proportionate increase in the GAC operating cost.
Richard et al. ( 1991) reported, using laboratory measurements conducted with triazine 
pesticides, the adsorption capacities of different activated carbons as 10 - 30 mg of 
pesticide per gram of carbon with equilibrium concentration of 0 . 1  pg/ 1  corresponding 
to Maximum Admissible Concentration (MAC).
In reality the capacities are much weaker due to the competition among diverse 
adsorbable organic molecules. Richard et al. (1991) have shown that different waters 
containing different types of organics will give different capacities of adsorption for 
pesticide. For instance a water containing around 5.75 mg/1 TOC has an atrazine 
adsorption capacity of about 0.01 mg/1 but if the TOC content is reduced to around 
0.57 mg/1 the adsorption capacity of the carbon increases to around 0.082 mg/1.
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Richard et al, (1991) using three different influent concentrations of atrazine, have 
shown the effect of TOC on the time of functioning of GAC before regeneration. As 
the concentration of organic matter increased the life time of the carbon decreased for 
the same influent concentration of atrazine and treatment objective. The results also 
showed that an increase of the influent concentration decreased the life time of the 
carbon.
1.3.1.4 Powdered activated carbon adsorption
Another alternative for pesticide removal is to use powdered activated carbon. 
Powdered activated carbon takes the form of grains between 10 and 50 (im and its use 
is generally combined with a clarification treatment. If  it is added continuously with 
flocculating agents, it enters the floe and is then extracted from water with it.
Researchers (Cathalifaud et al.l995, Miltner et al. 1989, Robeck et al. 1965, and El- 
Dib & Aly 1977b) have all shown that relatively small quantities of powdered 
activated carbon are required to reduce pesticides to desirable concentration levels. 
This process of removing pesticides from water can be affected by factors such as 
contact time, concentration of the herbicide, carbon dose and temperature. Cathalifaud 
et al. (1995) have also shown that the order of adding coagulant and powdered 
activated carbon have a significant effect on the process.
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Table 1.3 Comparison of different carbons for removal of a pesticide, a THM and 
TOC (Total Organic Carbon).
GAC TYPE Effective carbon dose (mg/1) required to achieve the following 
final concentrations:
50% removal Abs. 
245nm.
lOOpg chloroform O.ljig/l lindane
207 C 800 46 75
LSS 430 36 75
ROW .8 s 105 44 36
WVG 75 59 25
DARCO 160 56 45
CC123 OH 130 95 13
F300 1 0 0 6 6 30
F400 70 62 24
HAYCARB 420 29 45
Source: Hyde (1989).
Powdered activated carbon is the practice of choice for removal of pesticides, in cases 
when there is a definite pattern of seasonal presence of pesticide in the source water. 
In such cases the powdered activated carbon is added only when needed. This 
minimizes the cost of operation. Another important use of powdered activated carbon 
is in cases of accidental pollution it can be effectively used as a relief measure.
By comparison to granular activated carbon powdered activated carbon is smaller in 
size. As particle size decreases, the available surface area increases leading to an
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increase in the rate of adsorption. From this it follows that powdered activated carbon 
will be more effective than granular activated carbon per unit volume. However 
separation and recovery of the spent powdered carbon is difficult, as it is usually 
dosed prior to coagulation and sedimentation and is removed with the coagulated 
solids. This increases the cost for the process.
1.3.2 Chemical processes
Recently use of strong oxidants capable of breaking down pesticides are increasingly 
being used for oxidation of pesticides in water. Included in this group is removal of 
herbicides by chlorination, ozonation and advanced oxidation processes involving the 
use of ozone with other oxidants such as hydrogen peroxide,
1.3.2.1 Chlorination
Chlorination is used by most water treatment plants around the world, removal of 
pesticides by chlorination has been investigated by various authors. In the strict sense 
chlorination does not remove any organic pesticides form water, in fact chlorination 
has never been intended for the removal of pesticides from water. However chlorine 
has an oxidation potential of 1.36 V (and 1.49 V for HOCl) (Sheng & Yeh 1993) and 
can oxidize easily oxidizable sites on organic compounds.
This oxidation of some parts of a compound by chlorine results in the conversion of 
the parent pesticide to a more oxidized product(s). Some researchers have reported
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(Miltner et al. 1989, El-Dib & Aly 1977a) such conversions as removal of the 
pesticide by chlorination. It is probably more accurate to use the term chlorine 
oxidation or degradation of pesticides. At this point it should be remembered that like 
any oxidation reactions the chlorine oxidation of an organic compound can lead to 
either higher, lower or a mixture of degree of toxic compounds compared with the 
parent pesticide. Hence understanding of its effects on pesticides is necessary with 
more emphasis on the nature and toxicity of the oxidation products. After all chlorine 
used in concentration of the type added for disinfection purposes does not mineralise 
any organic pesticide, with the result there is always an oxidation product or no 
change of the parent pesticide. Researchers have reported percent oxidation of 
pesticides such as metribuzine (Miltner et al.l989), diazinon (Dennis et al. 1979), 
prometryn (Fairhead (1994), ametryne (Mascolo et al. 1994). But the purpose of this 
research is not to review percent oxidation of pesticides by chlorination but understand 
the mechanisms and factors that influence the oxidation of those pesticides.
The effect produced on a pesticide by chlorine oxidation depends on a number of 
factors such as the form of the chlorinating agent, the pH of the water, concentration 
of the oxidant and pesticide, chemical nature of the pesticide and presence or absence 
of oxidation aids.
For disinfection purposes chlorine is employed in different forms such as , chlorine 
dioxide, and hypochlorous acid. Since the oxidizing power of these chemicals differ 
the extent and nature of the oxidation of the pesticide depends on which form of 
chlorine is employed. For instance the use of hypochlorous acid and chlorine dioxide
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was compared for oxidation of sulphur containing s-triazine herbicides by Mascolo 
et. al. 1994. Their results showed that the oxidation with hypochlorous acid was very 
fast and a complete oxidation of the 3 ppm prometryn was obtained in 3 min using 
11 ppm hypochlorous acid. While using chlorine dioxide even after 48 hr unreacted 
prometryne amounted to 50 per cent. It is also important to note that the type of the 
oxidation product depends on the type of oxidant employed. In the above cited 
experiment oxidation of prometryne with hypochlorous acid gave rise to a sulfoxide, 
a sulfone, and the sulfones hydrolysis products. While with chlorine dioxide there was 
a sole by product of the sulfoxide.
Another important factor in determining the oxidation of pesticides by chlorination is 
the pH of the solution. This can be illustrated by using the HOCl as a disinfectant. In 
water the hypochlorous acid exists in equilibrium expressed by Equation 4.
HOCl # H++ OCl .................................................................. Equation ( 4)
depending on the pH of the medium either HOCl molecule or OCl ion will be present 
in a predominant concentration. Oxidation of a pesticide can result from reaction with 
the HOCl molecule or the OCl ion. If  the oxidation of a pesticide is caused by the 
HOCl molecule the oxidation process will be retarded by an increase in pH of the 
medium, and if the oxidation is a result of a reaction with the OCl* ion the rate of 
oxidation increases with pH rise and vice versa.
This can be best demonstrated by comparing the oxidation results obtained by 
Fairhead (1994) for prometryne with that of Miles et al. (1988) for the carbamate and 
carbamyloxime pesticides. Where the rate of oxidation of prometryne increase with a
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decrease in the pH, whereas the rate of oxidation of carbaryl and popoxur increased 
as the pH increased. This can be explained by the relative significance of the HOCl 
and OCr.
Nature of the herbicide is also another important factor in determining whether a 
pesticide will be oxidized by chlorination or not. In other words the oxidation of a 
pesticide by chlorine depends on whether the compound has easily oxidizable sites. 
In most of the reported cases (Aizawa et al. 1994, Fairhead 1994, and Mascolo et al. 
1994 and Dennis et al. 1979). One common character of the pesticides was the 
presence of dithio, thio, and /  or thiol, bonds. For instance members of the s-triazine 
herbicides, atrazine and prometryne, differ in that prometryne contains a thiol bond 
whereas atrazine does not, as a consequence atrazine is unaffected by chlorination 
whereas prometryne is.
Concentration of the oxidant and pesticide are also important factors determining the 
speed of the oxidation reaction. As in most reactions, reaction rate increases with an 
increase in the concentration of the reacting species, chlorine oxidation is no 
exception. An increase in the oxidant dose increases the oxidation of the pesticide. 
Recent work by Mascolo et al. (1994) has shown that an increase of concentration of 
HOCl from 3 ppb to 3 ppm reduces the reaction time from 8  hr to 5 min for a fixed 
initial herbicide concentration.
Other factors which can affect the oxidation of pesticides by chlorine include ionic 
strength of the water and presence of nitrogenous compounds. In  the former case since
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dissociation of HOCl is affected by the presence of dissolved solids (usually salts), For 
an increase in ionic strength reduces the dissociation of the HOCl, for instance, an 
increase of ionic strength from 0.001 to 0.01 results in a 45% decrease of the 
concentration of the HOCl. Stated differently, dissolved solids have the same effect 
as pH. However the presence of nitrogenous compounds can affect the oxidation 
process by producing chloramines. The electrochemical properties of chloramines are 
different from HOCl. Generally chloramines have low oxidation potentials compared 
to hypochlorous acid.
El-Dib & Aly (1977)a have shown that the effect of presence of oxidation aids in the 
oxidizing ability of chlorine by using ultraviolet radiation. The results showed that 
oxidation of phenylamide pesticides by a combination of ultraviolet radiation and 
hypochlorous acid was greater than the sum of the oxidation of these pesticides by 
each of the agents alone.
Mechanisms of degradation of herbicide by chlorination was first thoroughly studied 
by Dennis et al. (1979) using the organophosphate insecticide diazinon as a model 
compound. Following his work many researchers have investigated degradation of 
pesticides by chlorination. Miles et al. ( 1988) studied the degradation of carbamate and 
carbamoyloxime pesticides by chlorination. Their results showed that aldicarb 
degraded completely to aldicarbe sulfoxide, whereas aldicarbe sulfoxide was partially 
oxidized to aldicarbe sulfone.
Another example of degradation of herbicides by chlorine oxidation was shown by
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Fairhead (1994), He showed the oxidation of sulphur moieties on sulphur containing
s-triazines prometryne, and terbutryne to the corresponding sulfoxides. The oxidation
and hydrolysis of dithio, thiono, thiol and phosphonate pesticides were investigated
by Aizawa et al. (1994). The steps involved in the degradation of herbicides by
chlorination can be summed to include one upto four of the following steps:
%
1) Oxidation, usually of sulphur moieties
2 ) Nucleophilic catalysed hydrolysis
3) Stepwise chlorination
4) Nucleophilic C-C cleavage
Generally the effect of chlorination is significantly observed on compounds containing 
dithio, thiono, thiol and phosphonate bonds and pesticides which do not contain such 
easily oxidizable functions are not likely to be degraded. On the other hand herbicides 
containing such types of bonds cannot be assumed to be completely oxidized by 
chlorination treatment processes and monitoring of effluent concentration should 
concentrate on both the parent pesticide and possible degradation products.
1.3.2.2 Ozonation
Ozone, a colourless gas with a pungent odour is created when oxygen is exposed to 
either a high voltage electrical discharge or ultraviolet radiation. Like chlorine, ozone 
has strong disinfectant activity. The oxidation potential of ozone is 1.52 times higher 
than that of chlorine ( see table 1.4 ). The advantages of ozone over chlorine includes:
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more effective virus removal, removal of inorganics such as ON, and indirectly 
controls algae by destroying nutrients.
By comparison to chlorine, ozone has a very fast oxidation rate; unlike chlorine, ozone 
does not form Trihalomethanes (THM); unlike chlorine, oxidation of a toxic chemical 
by ozone usually provides final mineralization of the compound. No total oxidation 
of a pesticide occurs by chlorine, at least at the type of concentration used for 
disinfection purposes, while ozone is very effective for the complete oxidation of 
almost all pesticides, and finally ozone is generally safer to use. A common 
shortcoming of both of the oxidants is that of generation of unwanted by products.
Removal of pesticides by ozone is studied by numerous authors (Beltran et al 
1994a&b, Prado et al 1994, Bourgine et al. 1993, Sonntag et al. 1993, Dore et al. 
1980, Benoit -Guyod et al. 1986).
The removal of pesticides by ozone proceeds through two main mechanisms (Staehelin 
& Hoigne 1985). One mechanism is by direct oxidation of the pesticide with ozone 
gas. The second mechanisms is by the generation of free radical intermediates such 
as the hydroxyl radical. The two mechanisms can be written in equation form as 
follows.
Mechanism I
O3 + pesticide —> intermediates......................................................... Equation (5)
intermediates + more O3 -> mainly COg + H2 O + by products Equation (6 )
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Mechanism I I  
Initiation step
O3 + OH —> HO2 ' + O2  **...............................................Equation (7)
O3  + OH -4  O2  + HO2  ...................................... Equation (8)
Propagation step
HO2  —> O2  + H ^.......................................... ........................ Equation (9)
0 2  + O3 —> O3 + O2 ......................................................... Equation (10)
0 3 + H  ^ —> HO3 ......................................... .......................... Equation (11)
HO3  OH + O2 .......................................................... Equation (12)
OH + O3 HO2  + O2   .............................. .................... Equation (13)
Termination step
OH + Pesticide —> final products (or more intermediates) - 4  final products 
..................................................................................................   Equation (14)
Mechanism I (Equations 5 & 6 ) shows the direct reaction of ozone with the pesticide 
and its intermediate to produce carbon dioxide and water and some possible by 
products. This reaction is relatively slower and more selective than the reaction in 
mechanism II.
The reaction of ozone with organic molecules in aqueous solution is complex, 
depending upon the conditions, part of the ozone decomposes and initiates the 
production of highly reactive secondary oxidants such as the hydroxyl radical (see 
Equations 7 to 13). In water ozone is more stable at low pH, while at higher pH 
hydroxyl ions induce its decomposition (see Equations 7 to 13).
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Table 1.4 Relative power of common oxidants.
Oxidation potentials 
in volts
Power relative to chlorine
Fluorine 3.06 2.25
Hydroxyl radical (OH ) * 2.80 2.05
Atomic oxygen (O') * 2.42 1.78
Ozone 2.07 1.52
Hydrogen peroxide 1.77 1.30
Perhydroxyl radical 1.70 1.25
Permangante 1.67 1.23
Chlorine dioxide 1.50 1 , 1 0
Hypochlorous acid 1.49 1 . 1 0
Chlorine 1.36 1 . 0 0
Bromine 1.09 0.80
Hydrogen peroxide 0.87 0.64
Iodine 0.54 0.40
Oxygen 0.40 0.29
* = ions formed when ozone decomposes. 
Source = Sheng & Yeh (1993).
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The removal of pesticides by ozone can be expected to be affected by various factors 
such as pH, temperature, concentration of pesticide and ozone, presence of other 
chemicals and presence of radical scavengers. Different authors have investigated the 
effects of these factors on the removal of selected pesticides from water (Beltran et 
al. 1994a, Prado et al. 1994).
The effect of pH on the oxidation of pesticides by ozone can be explained by using 
the mechanistic equation discussed above (Equations 7 & 8 ). The initiation reaction 
shows that the presence of an OH (hydroxyl ion) is the first important step in the 
production of the very powerful oxidant OH (hydroxyl radical). Stated differently the 
higher the pH of the medium the faster the production of the hydroxyl radical. Hence 
it is to be expected that for the oxidation of a given herbicide by ozone the higher the 
pH the faster the oxidation of the pesticide would be. This is demonstrated by Beltran 
et al. (1994a) where an increase in pH was shown to facilitate the oxidation of 
atrazine. At this point it is also important to note that even under very low pH 
situations (eg. pH = 2) hydroxyl radicals are shown to be produced.
If  an increase in pH does not show an increase in oxidation rate it is likely that the 
pesticide is oxidized by the first mechanism discussed in the preceding sections, where 
the molecular ozone directly oxidizes the pesticide. An example of this kind of 
oxidation is the oxidation of the chlorophenoxy herbicide MCPA by ozone (Benoit - 
Guyod et al. 1986).
Temperature is another factor which can affect the oxidation of pesticides by ozone.
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Ozonation is a gas - liquid reaction and the effect of temperature can be viewed from 
two aspects. Firstly an increase in temperature can affect the solubility of ozone the 
higher the temperature the lower the solubility of ozone. Hence the availability of 
ozone for reaction is reduced if temperature is raised. Secondly an increase in 
temperature generally increases the rate constant and the two are opposing factors. 
Beltran et al. (1994a) have shown that if  the vapour pressure of ozone is kept constant 
an increase of temperature from 3°C to 20®C does not show a significant effect on the 
rate of oxidation of atrazine. This is due to the fact that any decrease in solubility is 
compensated for by an increase in reaction rate.
As in the case of almost all reactions the higher the concentration of the reactant(s), 
the faster the rate of reaction. Prado et al. (1994), have shown the rate of oxidation 
of the chlorophenoxy herbicide 2,4-D was increased when a higher dose of ozone was 
used.
Usually ozone is used with hydrogen peroxide. This combination of ozone and 
hydrogen peroxide is also known as the peroxone process. The main reactions are an 
electrolytic dissociations of hydrogen peroxide (see Equation 15), followed by electron 
transfer to ozone, see reaction (see Equations 16 to 19).
H2 O2  HO 2  + H  ^ ................     Equation (15)
HO2 ' + O3  —> HO2  + O3  ..........   Equation (16)
O3  + H+ -> HO3  Equation (17)
HO3 ' OH + O2       Equation (18)
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The over all reaction can be written as Equation (19).
HgOg + O3  ->  20H' + 3 O2 ..................................................Equation (19)
However the presence of hydrogen peroxide increases the hydroxyl radical scavenging 
capacity of the system, and excessive concentrations of hydrogen peroxide should be 
avoided to minimize the destruction of the hydroxyl radical. This situation is 
represented by Equations 20 & 21.
OH + H 2O2  (HO2  ) -> H2 O + HO2  (O2  ) .....................Equation (20)
HO2  + H  ^ ............................................................ Equation (21)
Ozone is also used with UV radiation for the oxidation of pesticides from water. In 
the first stage of the process, mainly that part of the organic material is affected which 
reacts directly and rapidly with ozone. This may improve the UV transparency of the 
water and assist subsequent direct UV degradation of further material. But the decisive 
effect consists in the photolytic conversion of ozone into the more reactive hydroxyl 
radical. Ozone absorbs strongly in the UV (X^„ = 255 nm, ^ 2 5 4  = 2600 1/mol/cm. It is 
photolyzed into an O2  molecule and O atom with high efficiency. See Equation (22).
O3  + (UV) ho -> O2  + O ................................ Equation (22)
While in the gas phase the reaction of O with the water molecule results in the 
formation of two OH ( see Equation 23).
O + H%0(g) 20H ................................................Equation (23)
In the liquid phase this does not happen, (see Equation 24).
O + H 2 0 (1) H2 O2.. ............................................Equation (24)
It is generally considered that (Equation 23) plays a major role in the liquid phase.
In effect, the use of UV with ozone is similar with the use of ozone with hydrogen
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peroxide, because all that the UV radiation causes to produce is hydrogen peroxide. 
But the UV radiation too has a capacity of breaking a molecule. The stoichiometry of 
hydroxyl radical production in the ozone /  UV procedure is shown in Equation (25).
3 O3  + ht) + H2O 20H + 4 O2 ................Equation (25)
Comparison of this reaction with that of ozone /  H 2O2  shows that hydroxyl radical 
production by this process is not cheap. Three ozone molecules and a quantum of UV 
are required for the production of merely two hydroxyl radicals. It is important to note 
at this point that production of hydroxyl radicals by ozone /  UV may be more costly 
than by ozone /  H 2O2 , but UV radiation would produce hydrogen peroxide in situ at 
low concentrations if the proper light intensities are used. This allows one to prevent, 
or at least drastically reduce, the hydroxyl radical scavenging by the excess hydrogen 
peroxide which can be a major problem with ozone /  H 2 O2  system.
The advantages of ozone for pesticide oxidation and mineralization can be summed 
up in the following points: 1) Having an oxidation potential of 1.52 times that of 
chlorine it oxidizes a lot of organic compounds that chlorine can't oxidize. 2) Ozone 
oxidizes a large group of compounds, such as amines, sulfides, sulfoxides, phosphates, 
and phosphines, as well as C-C double and triple bonds. 3) The instability of ozone 
makes it well suited for water treatment since all excess ozone reverts back to oxygen 
and the hydroxyl radical.
On the other hand the use of ozone has the following demerits: 1) The formation of 
toxic chemicals either as degradation products of organic compounds or as a result of 
reaction with some inorganic constituents of water poses a potential problem in the use
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of ozone for removal of herbicides, 2) For concentrations of ozone usually used in 
Europe ( 2 - 3  mg/1) the organophosphorus herbicide parathion is oxidized to a 
more toxic product paraoxone, 3) Another major problem associated with the use 
of ozone is the formation of a carcinogen and suspect mutagen BrO^- in waters 
containing Br-. The kinetics, mechanisms and factors affecting the formation of 
bromate in waters containing bromide is investigated by Gunter &  Hoigne (1992) and 
Bourgine et al. (1993).
1.3.3 Radiation processes
1.3.3.1 Ultraviolet radiation
When UV photons below 190 nm are absorbed by water, the molecule is split into the 
OH radical and the hydrogen atom (see Equation 26).
HjO + ho (185 nm) —> OH + H ............... ..Equation (26)
The hydroxyl radical and hydrogen atom react rapidly with organic molecules by 
adding to the double bonds and abstracting carbon bonded hydrogen atoms, see 
Equations 27 & 28.
OH (H ) + R'R'C = CR^R" -4  R'R% (OH) - C R V  (R'R'C (H) - C R V )
.............................................................................................................. Equation (27)
OH (H ) + RH -> H2 O (Hz) +R - Equation (28)
In the presence of oxygen these radicals are converted into the corresponding peroxyl 
radicals, and subsequent degradation of the pesticides occurs via peroxyl radicals. The 
photochemical degradation of a pesticide is usually the first step in a sequence that
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ideally would end with its mineralization, or at least with its transformation to 
harmless compounds. Often this is not the case, and the first and higher generation 
photo products usually have absorption characteristics different from the parent 
molecule or ion.
This shortcoming can be remedied by the use of oxidants such as ozone and hydrogen 
peroxide. These produce hydroxyl radicals that in the presence of oxygen induce 
progressive oxidative degradation of the products. This approach too is seriously 
compromised by the fact that the OH radical attacks the hydrogen peroxide as well. 
Bicarbonates also remove the hydroxyl radical reducing the efficiency of the process 
for pesticides or generally organics degradation. The efficiency of UV photolysis of 
water is studied by Gonzalez et al. (1994). They studied degradation of atrazine by 
UV photolysis. They showed that 50 per cent of the initial atrazine was converted to 
cyanuric acid whereas 1 0  per cent of the initial atrazine was isolated as cyanuric acid 
in argon saturated solutions. Their results showed that mineralization is more efficient 
in not strictly oxidative reaction media. This is probably due to the fact that in the 
absence of oxygen, hydrogen radicals are more prone to participate in mineralization 
reactions. The use of ozone with other oxidants is studied under the section on 
chemical processes.
1.3.4 Biological processes
Microorganisms are the major and sometimes the only means by which pesticides are 
eliminated from a variety of ecosystems. Some investigations have shown the
Chapter 1 Introduction 64
significance of other organisms such as the invertebrates in biological detoxification 
of toxic pollution in the environment (Nakatsugawa &  Nelson in Matsumura et al. 
1972, Huber 1993).
Environments supporting large and heterogenous communities of microorganisms have 
always been deemed to be ideal biological incinerators. Owing to the remarkable range 
of carbonaceous compounds that are decomposed, the species present in water, soil, 
and sewage are unquestionably major agents of environmental decontamination. 
Organisms present in biological filters are mainly soil or water organisms “out of 
place" and have these capabilities of biological decontamination.
These potentials of biological filters are usually underrated and are not investigated, 
the information available to the best of the knowledge of the author on these matters 
are (Foster et al. 1991, Herbec et al.1990, Petrie et al. 1993). Lambert &  Graham 
(1995) have reviewed the available information on pesticide removal by biological 
filters. Their review adds three other references where the removal of atrazine, 
simazine and mecoprop was reported by biological filters. In most of the cited 
literature mechanisms of removal were not identified and in some cases were 
speculated. factors_determining removal uninvestigated, effect of process variables not 
studied, and seasonal performance not investigated. In some cases (Petrie et al. 19931 
an inadequate experimental set up was used to represent sand filters. Besides in most 
of the cases no control volume was used and analysis was based on random grab
samples where instantaneous change in the concentration could give
pseudoperformance results.
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Before going on to investigate how herbicide removal is effected by biological filters, 
it is necessary to understand what biological filters are, and how they work. The 
process of passing water through a sand bed of usually 300 mm to 1000 mm results 
in more than the straining, sedimentation and adsorption of particulate organic and 
inorganic matter. As the time of operation increases the quality of treated water 
improves significantly, different microorganisms start to colonize the bed and 
participate in a more complex purification of the water. This process of filtering water 
through a mature sand bed is referred to by many as slow sand filtration and lately 
with better understanding of its mechanisms as biological filtration.
Apparently man has exploited the process of filtration from before the earliest 
historical records. However, the practical application of biological filters to entire 
water supplies dates from about 1800. Since the installation of the slow sand filter in 
England and Scotland in the early part of the 1800s, the filtration of water by 
biological filters has been known as the English ^stem. Today slow sand filters are 
heavily used in Europe and their use is growing in America.
Though filtration appears to be a simple process it is actually very complex, our 
understanding of how biological filters work has changed as we have learned more 
about their biological and mechanical structures. When a surface water flows through 
a sand filter a complex flow system is set up in which little streams of water move 
from the reservoir on the top of the filter into and through the pores of the filter and 
out the other side. Particles suspended in the water are carried along in the flowing 
liquid by inertia. For particles larger than the pore size interception is obvious.
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whereas for removal of particles smaller than the pore size aggregation and 
sedimentation within the pores play a significant role. For mechanisms on the removal 
of particles by biological filters the interested reader is referred to ( Huisman &  
Woods, 1974).
With extended use of the filter, microorganisms selectively colonize the sand bed and 
form a biologically active layering called the schmutzdecke, which consists of a great 
variety of microorganisms and accumulated solids. The distribution abundance and 
type of microbial communities in biological filters were investigated by Lloyd (1974), 
Windle - Taylor (1967), Duncan in Graham (1988), and Skilton (1983). The 
abundance and vertical distribution of the interstitial sand fauna and flora 
(oligochaetes, chlorophyll a, bacteria and protozoa) is described by Duncan in Graham 
(1988). The mechanises of attachment are reviewed and investigated by Lloyd 
(1974).
The first discovery of removal of bacteria present in water by biological filters was 
made by Percy FranJdand in London, where he established the fact that slow sand 
filters of the London Water Company removed a high proportion of all the bacteria 
in the applied water. This was further demonstrated after the cholera epidemic in 
Hamburg, where thousands of deaths occurred from the disease, while at Altona, 
which also took its water from the Elbe, there were few cases of the disease. It was 
noted that Altona used biologically filtered (slow sand filtered as it was then called) 
water but that Hamburg did not.
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Today the removal of different kinds of pathogens such as bacteria (Jones 1995, 
Collins in Graham 1988), and viruses ( Wheeler et al. in Graham 1988) by biological 
filters are experimentally proved. Although the mechanisms responsible for these 
phenomena are not clearly understood it is believed that predation could play a 
significant role.
The important microbial populations of a slow sand filter which participate in the 
purification of water include algae, bacteria, and protozoa. Algae are present in the 
upper part of an open slow sand filter, a major part of the changes produced by a slow 
sand filter is produced by these algae, which are first introduced by the raw water and 
then multiply actively during the interval between successive filter cleanings, A 
detailed report on the function of algae in the slow sand filters was made by Huisman 
& Woods (1974).
Windle-Taylor (1967), classified the algal flora of a slow sand filter into three main 
groups, the planktonic algae in the supernatant water, the free living algae of the sand 
surface (epipelic population) and algae, which for most of their life cycle remain 
attached to the sand grains.
Windle-Taylor (1967) also reported the genera and some of the species of algae, which 
reproduce rapidly in the filter basin, in the supernatant water, or at the sand surface. 
These are: Chlamydomonas spp, Scenedesmus spp, Melosira varians, Nitzschia 
acicularis, Nitzschia linearis, Cymbella spp, Cladophora, Hydrodictyon, and 
Enteromorpha,
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Algae participate in the purification process in two ways:
A) Mechanical screening
Algae, particularly the large filamentous ones such as Oscillatoria, form a coarse mesh 
on the surface top few centimetres of the sand. This mesh plays an important part in 
the purification by straining larger particles and providing a suitable environment for 
other organisms to adhere to and survive, thereby facilitating the formation of the 
Schmutzdecke.
B) Chemical degradation
Purification by algae can also be carried out chemically, i.e. by converting the simple 
compounds such as carbon dioxide, nitrate, and phosphate to body material, thus 
removing these compounds and releasing oxygen to the water. The photosynthetic 
process can be represented by the following simple reaction (see Equation 29).
n(COz) + n(HzO) —  (CH^O)» + n(0 2 )............................... .................... Equation (29)
Bacteria are found both in the surface and deep sand of a slow sand filter. Windle- 
Taylor (1971) studied the presence of bacteria in slow sand filters by skimming the 
top layer of sand in the normal way. From the remaining sand, samples were taken 
from the top 1 0 0  mm and the bottom 1 0 0  mm (above the gravel) and were shaken 
with water and counts of various organisms were then made. The results are shown 
in table 1.5 and 1.6 for different filtration rates.
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Table 1.5 Microbial content of sand at different filtration rates 1.
m/day
Filtration
per ml
Depth
rate 37°c
colony
37*c
spore
2 2 V
colony
Fungi Yeasts stre-
ptom-
count count count yces
3.6 Surface 65,200 53,800 500,000 533 3 11,900
9-15 Surface 82,500 62,500 256,000 433 27 9,930
3.6 Deep 6,320 5,000 85,000 45 0 1,030
9-15 Deep 10,200 8,620 100,000 39 1 1,030
Surface -  Top 100 mm after skimming.
Deep = Bottom 100 mm immediately above gravel. 
Source: Windle-Taylor (1971)
The data shown in table 1.5 and 1.6 are indicative of the numbers and diversity of 
some of the bacteria in a slow sand filter. Bacteria play a significant role in break 
down of organic matter and its ultimate conversion to carbon dioxide and water. 
Genera of bacteria which are usually found in slow sand filters include Bacillus, 
Clostridium, Escherichia, Pseudomonas, Klebsiella, and Actinomycetes.
Protozoa, feeding on the large populations of bacteria, colonize the sand bed in slow 
sand filters. The participation of protozoa in the purification process is summarized 
by Skilton (1983). Protozoa participate in the purification process both by direct 
predation on harmful particles and by predation on bacteria that are themselves
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concerned with the breakdown of organic material.
Table 1.6 Microbial content of sand at different filtration rates 2.
per ml per 100 ml
m/day Depth
Filtration
rate
Microm-
onospor-
-es
Fluores­
cent
Pseudo­
monas
Colifonn
organisms
E.coIi Clost­
ridium
q)ores
Cl.per-
fring-OTs
spores
3.6 Surface 115,000 600,000 9,210 105 9,900 6,000
9-15 Surface 61,000 217,000 3,340 263 17,500 8,000
3.6 Deep 5,770 136,000 60 18 2,400 280
9-15 Deep 11,600 228,000 23 6 2,900 620
Surface = Top 100 mm after skimming.
Deep -  Bottom 100 mm immediately above gravel. Source: Windle-Taylor (1971)
A detailed study of protozoa in sand filtration was made by Lloyd (1974). He 
estimated the number of protozoa in a 1  cm  ^ area of a mature sand column at a 
standard flow rate of 0.15 m/hr to be at least 1,500, excluding the numerous minute 
Flagellates and amoebae which could not be studied by the method used.
Windle-Taylor (1967) estimated the number of flagellates and amoebae as 4,100 and 
7,100 per ml of bulk sand studied for surface sand and 740 and 1,900 per ml of bulk 
sand for deep sand. Of the ciliate protozoa studied by Lloyd (1974) the Peritrichia and
Chapter 1 Introduction 71
Spirotrichia were the commonest sub classes. The Holotrichia and Suctoria were 
together the least common.
The commonest Pertrichia were in the genus Vorticella especially V. campanula 
(Ehrenberg), V.convallaria (Linnaeus) and less frequently V, fromenteli (Kahl), 
V.communis (Fromentel) and V.picta (Ehrenberg),
Investigators have also shown that biological filters are capable of removing dissolved 
compounds form water (Collins et al. in Graham 1988)J The removal of these 
dissolved organic and inorganic compounds, which are generally smaller than the 
smallest pore size call for different removal mechanisms. The scientific literature is 
rich with the phenomena of removal of different dissolved compounds from water and 
other systems by microorganisms (Mandelbaum et al. 1993, Huber 1993, Erickson &  
Lee 1989, Anderson & Drew 1972). It is very clear from the preceding discussion on 
the microbial ecology of biological filters that the biological community consists of 
a large number and variety of microorganisms. It is therefore probable that this 
microbial community participates in the break down of dissolved compounds to 
simpler forms.
The mechanisms and factors affecting removal of compounds by pure and mixed 
microbial communities has been the subject of numerous works and reviews (Roan & 
Ware 1970, Baughman & Paris. 1981, Saxena & Lai (1982). One mechanism is that 
microorganisms have the capacity to concentrate a compound in some cases to a 
concentration factor of > 100 times. This sorption and accumulation of compounds is
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explained quantitatively by the Gibbs' free energy for accumulation (Baughman &  
Paris. 1981). Compounds partly because of their hydrophobic or water hating nature, 
tend to seek living organisms. This type of mechanism is usually limited by the 
microorganisms maximum capacity to accumulate and are often short lived. On the 
other hand microorganisms have the ability to absorb and degrade compounds ( Roan 
& Ware 1970, Evans et al. 1971, Duxbury et al. 1970, Esterella et al. 1993).
Different organisms have been shown to have the ability to remove pesticides from 
different environments. Different genera of bacteria such as different strains of 
Alcaligenes, (Perkins & Lurquin 1988, Don & Permberton 1981, Fisher et al. 1978, 
Marker et al. 1989,) different strains of Arthrobacter (Duxbury et al. 1970, Bollag et 
al. 1968a&b, Tiedje et al. 1969), Bacillus, Clostridium, Escherichia, (Roan & Ware 
1970), Pseudomonas, (Paugherty & Karel 1994, Yanze-Kontchov & Gschwind 1994, 
Behki & Khan 1986), Actinomycetes such as Nocardia and Streptomyces, algae such 
as Chlamydomonas, Chlorella, Cladophora and many others are known to metabolize 
pesticides (Roan & Ware 1970). A detailed review of biodégradation of pesticides is 
made by Roan & Ware (1970) and Saxena & Lai (1982). Microorganisms capable of 
degrading herbicides are legion and new members are continuously being found and 
such a list would never be complete.
Based on detoxification studies on vertebrates, Nakatsugawa & Nelson in Matsumura 
(1972) have studied detoxification mechanisms in invertebrates. They used the earth 
worm Lumbricus terrestris as a model organism and the organophosphorus pesticide 
parathion was used as a model pesticide. In their metabolism studies they have
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identified microsomal oxidase to be the important enzyme in the initial metabolism of 
parathion. Their experiment has also Indicated the presence and possible participation 
of a phosphatase enzyme in the studied earth worm. Removal of herbicides by these 
organisms may take place via the water or via contaminated food, but in these 
organisms it is very difficult to distinguish clearly the pathways of accumulation from 
one another.
Another evidence of the ability of worms to accumulate pesticides is investigated by 
Venter & Reinecke (1985). They used the earth worm Eisenia fetida (oligochaete) as 
a model organism and investigated the amount of dieldrin accumulated after a varying 
number of days of exposure (30 to 90 days) to a varying concentration of dieldrin 
ranging form 10 to 100 mg/kg. They have also investigated the effect of dieldrin 
accumulation on the growth of the organism and showed that no significant effect was 
observed for concentration of up to 30 mg/kg of dieldrin, while significant effects 
were observed in the concentration ranges of 50 mg/kg and 100 mg/kg dieldrin 
exposure. Since invertebrates occur in a large numbers in a biological filters, their 
ability in concentrating and degrading pesticides has important implications for the 
performance of biological filters for removal of pesticides.
Despite all the evidence of the ability of microorganisms in removing and 
biodegrading pesticides, there is very little attention given to biological removal of 
pesticides by biological filters.
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1.3.4.1 Pretreatment processes for biological filters
Although biological filters are very effective in removing bacteria, virus, and some 
dissolved inorganic and organic matter, they are very sensitive to high turbidity and 
suspended solids. This leads to clogging of the sand filters and filter run length may 
then be unacceptable. For high level turbidity removal biological filters are usually 
used with a pretreatment process.
Chemical pretreatment processes can be used with biological filters. In modern water 
treatment thinking the addition of a chemical for water treatment processes is not the 
preferred choice if an alternative exists. Besides, chemical treatment changes the 
chemical quality of the water which might negatively affect the filter biology.
Another alternative to chemical pretreatment is gravel prefiltration. This has the 
advantage of no alteration in chemical quality of water because of addition of a 
chemical. Good solid storage capacity ensures a long filter run, and does not require 
highly qualified personnel for operation and maintenance.
The mechanisms of particle removal has been studied by different authors (Boiler 
1993, Wegelin et al. 1986, and various authors in Graham 1988). The physical and 
microbiological performance of this treatment system was investigated by (Lloyd et 
al. 1991, Galvis et al. 1993, Wegelin et al. 1991). Their results have generally proved 
the efficiency of gravel prefilters in reducing microbial count, suspended solids and 
turbidity from water. The importance of maturation in gravel prefilters have served as
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further confirmation of the importance of biological activity in gravel prefilters 
(Lloyd et al. 1991).
1.4 Aims of the present study
Although advanced water technologies such as membrane filtration, super - ozone 
oxidation and GAC adsorption has made it possible to achieve removal of these 
chemicals from water, their heavy cost coupled with their demand for operator 
expertise makes them less suitable in some urban and rural places, particularly in 
developing countries. One of the low cost high efficiency treatment systems is 
biological sand filtration with gravel prefilters as pretreatment. Their ability in 
removing turbidity, microbial contamination and general organics is investigated by 
various authors. However, the ability of these treatment systems for the removal of 
herbicides has not been studied systematically.
The main aim of this research project includes:
1) Development and validation of rapid, sensitive and selective analytical methods 
for the extraction and analysis of atrazine and paraquat from water and the 
schmutzdecke,
2) Validation of analytical methods for the extraction and analysis of 2,4-D and 
MCPA from water and schmutzdecke
3) Evaluation of the efficiency of removal of selected herbicides by a combination 
of gravel prefilters and biological sand filters.
4) Evaluation of factors, such as water quality, environmental parameters, process 
variables and filter conditions, affecting removal of herbicides by biological filters.
5) Determination of mechanisms of herbicide removal by biological filters.
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2.1 Materials
2.1.1 Chromatographic equipment.
Sample injection was achieved by the use of Waters Intelligent Samples Processor 
(WISP), Waters associate Norwich, U.K., capable of injecting variable volume of 1- 
200jil both in programmed and manual mode. Constant flow was achieved by the use 
of an isocratic Beckman HOB solvent delivery module (from Beckman Instruments, 
High Wycombe). Ultraviolet detection was carried out using a Spectromonitor 3200 
absorbance variable UV detector (from Diamond Way, Staffordshire, U.K.). The 
detector signal was recorded using a CR650 J J instruments recorder (from J J Lloyd 
Instrument Ltd. Southampton, U.K.). All HPLC separations were made on either 
Ultrasphere C l8  (obtained from Beckman Instruments Berkeley, California) or 
Hichrom C18 (obtained from Hichrom Ltd. Reading, U.K.) columns with 5 p, size.
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25 cm X 4.6 mm i.d. was used as the stationary phase. Mobile phase solutions were 
all degassed using an ultrasonic bath ( a Mettler product , obtained from Sarose 
Scientific Instruments, London , U.K.) for a period of Ca. 3 min.
2.1.2 Solid phase extraction materials
Extraction of the herbicides was performed with Varian manual extraction manifold 
capable of running upto 12 extractions at one time. Suction pressure was provided 
using a suction pump. Different cartridges were used for the purpose of extraction 
method development.
A) Products of Analytichem International (which were obtained from Jones 
chromatography Ltd. IJengoed, Mid Glamorgan U.K.) include:
1) Reversed phase octadecyl silica (CIS) cartridges of 200 mg, and 500 mg 
with 3 ml and 6  ml volume cartridge respectively.
2  ) Reversed phase octayl alica (C 8 ) 200 mg cartridge with 3 ml reservoir 
volume.
3) Carboxylic acid (CBA) 200 mg cation exchanger with 3 ml of reservoir 
volume.
B) Products obtained from J.T. Backer, Milton Keynes, Buckinghamshire, U.K., 
include:
1) Benzenesulfonic acid (SCX) cation exchanger (500 mg) with 3 ml reservoir 
volume.
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2) Cyanopropyl CN with 500 mg and 1 g cartridges with 3 ml and 6  ml 
reservoir volume respectively.
To make loading of large water samples convenient, reservoirs of 60 ml were fitted 
to the extraction cartridges. These reservoirs were obtained from Supelchem U.K, Ltd. 
Saffron Walden, Essex,
2.1.3 General equipments
The following general purpose equipments were used during the course of the different 
experiments. Pumping of the herbicide solution from the 90 litre tank was performed 
with Watson Marlow 505Du/RL digital peristaltic pump (obtained from Camlab, 
Cambridge, U.K.). Water samples were filtered using a three piece suction filtration 
set up with 400 ml re^rvoir (obtained from Whatman, Maidstone, Kent U.K.). Vac 
Elut vacuum extraction manifold from Varian, Harbor City, USA was used for 
sample extraction. For basic water quality measurements such as PO/^ and NOg Hach 
DreI/2000 instrument module, from Hach Company, Loveland, Colorado U.S.A. was 
used. Water turbidity was measured using 2100p Hach turbidity meter.
For accurate weighing five place 2024MP6 Sart0rius balance (from Sart0rius Ltd, 
Belmont, Surrey, U.K.) was used, general purpose weighing was made on Ohaus 
Brainweigh B1500D top pan balance (from Ohaus Europe Limited, Cambridge, UK). 
Small volumetric measurements were made using Gilson pipetman p5000, p i000, 
p200, p20, from Gilson Medical Electronics Villiers-le-Bil, France. Mixing of samples 
was made using Fisons whirlmixer.
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Solvent evaporations were made on a hand made solvent evaporator where pyrex test 
tubes (obtained from Fisons, Sarstedt, U.K.) were supported on a thermostatically 
controlled heating block and the contents are subject to a steady stream of dry oxygen- 
free nitrogen. pH measurements were all made using a digital pH meter with Orion 
glass electrodes from EDT Instruments, Dover, Kent, U.K.. Absorbance at 254 and 
400 nm were carried out using a Perkin Elmer Lambda 5 Scanning spectrophotometer.
2.2 Chemicals
2.2.1 General reagents
Diethylamine (obtained from Fluka Chemika - BioChemika, Dorset, U.K.), sodium 
dihydrogenphosphate, ^disodium hydrogenphosphate, were all general laboratory 
reagents and were all obtained from BDH Ltd., Pool, U.K.. Hydrochloric acid was 
from Fisons Scientific Equipment, Loughborough, U.K. and sodium hydroxide was 
purchased from Aldrich, Dorset, U.K..
2.2.2 Solvents
The following solvents were used in this study. HPLC solvents obtained from Fisons 
Scientific Equipment, Loughborough, U.K. include: Methanol (MeOH), Acetonitrile 
(MeCN), and Hexane (HXN). Analytical reagents include: Acetone (ACTN) from 
Fisions and glacial acetic acid (HAc) from BDH, Pesticide residue grade solvents 
include: Ethylacetate (EtAc) (from BDH), and 2,2,4-trimethylpantane (from J.T.
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Baker). Deionized water was prepared using an Elgastat option 4 Water Purification 
Unit, from High Wyeombe, Bucks, U.K.
Different ion pair reagents were investigated for the purpose of paraquat extraction and 
analysis method development. These include : SHS (sodiumheptanesulfonate), SPS 
(sodiumpentanesulfonate), SOS ( sodiumoctanesulfonate), and SDS ( 
sodiumdodecylsulfonate). A ll were HPLC grade and were obtained form Fisons 
Scientific Equipment.
2.2.3 Herbicides
The following different purity grade herbicides were used in this study.
Certified analytical standards include: atrazine 98 %, 2,4-D 99 %, MCPA 99 %, and 
paraquat 99 %. A ll of the certified herbicides were solids, and were all obtained from 
Greyhound Birkenhead, U.K.. These materials were used to prepare standard solutions 
and for method development purposes.
Technical grade herbicides purity and source
Atrazine 99% obtained from Ciba agriculture Cambridge.
2,4-D 95% Obtained from Fluka Chemika. Dorset, U.K.
MCPA 97% Obtained from Fluka Chemica.
and paraquat 98% Obtained from Aldrich, Dorset, U.K.
Chapter 2 Experimental 81
Formulation grade herbicides % active ingredient
2,4-D 2.8 %
MCPA 1.38 %
Paraquat 2.5 %
These formulations were all obtained from Sainsbury homebase gardening shelf.
Filtrasorb 400 (F-400) granular activated carbon was obtained from Chemiviron carbon 
Oldham, U.K. It has the following manufacturer specification.
Table 2.1 Specifications of the F-400 used.
specifications
iodine number, minimum 12x40
Mesh size, U.S. Sieve Series
> 12 mesh (L70 mm), % maximum 5
> 40 mesh (425 pm), % maximum 4
Effective size, mm 0.6 - 0.7
Total surface area (N ,^ BET method), m /^g 1 1 0 0
Bed density , g/1 425
Particle density (wetted in water) 1 . 2
Mean particle diameter, mm 1 . 0
Uniformity coefficient 2 . 0
Phenol loading at 1 mg/1 expressed as % 4.5
Kaoline, montmorillonite KSF and technical grade humic acid, sodium salt, used in 
this research were obtained from Aldrich, Dorset, U.K..
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2.3 Methods
2.3.1 The pilot plant
To investigate the removal of the selected herbicides by the combination of gravel 
prefilter with biological (slow sand) filter system a pilot plant study based at Shalford 
(built in the water works of Thames water PLC) was undertaken. Raw water was 
abstracted from the river Tillingbourne, which is a tributary to the river Wey, to a 
pumping tank. The pilot plant is shown in fig. 2.1, and the schematic flow diagram 
representing the flow of water is shown in fig. 2.2. The water was then pumped to a 
header tank, the water from the header tank flows to the first, second and third gravel 
prefilters in series by gravity. Each of the gravel prefilters were operated in an up-flow 
fashion. The positions .of each up-flow gravel prefilter is such that there is enough 
head from the preceding gravel prefilter to the following one and water flows by 
gravity. The effluent water from the top of each gravel prefilter is an influent to 
bottom of the following gravel prefilter.
The three gravel prefilters are built from cylindrical Potapak tanks, and are filled with 
differing gravel size. Prefilter 1 is filled with a nominal size of 40 mm, prefilter 2 is 
filled with a nominal size of 2 0  mm and prefilter 3  is filled with a nominal size of 1 0  
mm gravel. The water after passing through the gravel prefilters enters a distribution 
tank which is maintained at a height sufficient to supply water by gravity to the two 
biological filters in parallel. The two biological filters were also built out of Potapak 
tanks and were filled with sand to a differing height of 300 mm (B F l) and 500 mm
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(BF2) for the purpose of performance comparison. Each of the biological filters was 
covered by six fabric layerings. The fabric layerings were non-woven polypropylene 
geotextile membrane with a specific surface area 13000 m /^m  ^and a thickness of 3.2 
mm.
Flow of water out of the biological filters was adjusted using a diaphragm valve fixed 
to the outlet of each biological filter. Linear flow rates were calculated from flow rates 
measured by stop watch and measuring cylinder system. Generally flow was 
maintained at 0.15 m/h ±  10%, except in the experiments where the effect of flow was 
being investigated, in which case the desired flow rates were achieved by different 
valve positions.
2.3.2 Column experiments
For the purpose of design modification performance evaluation three columns were 
constructed (see fig. 2.3). The columns were made out of 150 mm diameter PVC 
material and the height of each column was 2 . 2  m, including a 2 0  cm gravel 
underdrain. The first column (Column 1) was filled with the same sand as the 
biological filters in the pilot plant to a height of 8 6  cm. Over the sand a 3.67 cm 
height of a washed F-400 activated carbon of effective size 0.6-0.7 mm was filled 
(see table 2 .1 ). and the rest of the column was filled to the 1 0 0  cm mark with sand.
Column 2 was filled in a similar way except that the activated carbon was placed at 
a depth of 80 cm instead of the 10 cm depth as in the case of Column 1. This was
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made to compare performance of the sandwich arrangements with the activated carbon 
at a different depth. Column 3 was filled to a height of 130 cm with the same type of 
activated carbon as in the two sandwich filters, the difference being this filter was 
only filled with activated carbon and flow was maintained to give similar contact time 
as in the two sandwich filters (EBCT within the GAC bed = 15 min).
Prior to reinforcing the activated carbon on the biological filters a laboratory column 
study was performed. The experiment was designed to measure adsorption capacities 
of the carbon for the studied herbicides. For this purpose three columns were purpose 
constructed from glass material. The columns consisted of a glass filters at the bottom 
and were fitted with flow control taps. Each of the columns were fitted with an arm 
to overcome the over flow of herbicide solutions.
The herbicide solution was prepared in two glass containers of 20 litre size each. The 
two glass containers were joined by a connecting tube. The herbicide solution was 
pumped from these containers with a digitally controlled (Watson Marlow 505Du/RL 
obtained from Camlab, Cambridge, U.K.) peristaltic puinp to the constant head header 
tank which supplied herbicide containing water direct to the eolumns. The header tank 
was also a glass container of 10 litre size and had an overflow control. Four taped 
outlets were fitted to the header tank. The three outlets delivered water to the three 
columns and the fourth was used for sampling influent water. To maintain a 
continuous flow of the herbicide solution it was necessary to prepare a herbicide 
solution of the desired concentration every 24 hr. The arrangement of the laboratory 
dosing experiment is shown in fig. 2.4.
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Figure 2.3 From left to right are slow GAC sandwich filters 1 and 2 
and GAC rapid filter.
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Mixing was maintained in the two tanks by a means of an electric stirrer hanging in 
both the glass tanks. The stirring rods were especially constructed to have a double 
stirring points in each of the tanks. This was achieved by fixing the stirring rings of 
the stirrer both at the end of the rod and in the middle of the rod. Stirring of the 
solution was made continuously for the whole period of dosing. To determine the 
adsorptive capacity and compare different process variables, the three glass columns 
were run at different flow rates to produce an EBCT of 10 min, 15 min, and 20 min,
2.3.3. Herbicide dosing arrangement
To dose the herbicides to the pilot plant the following procedure was used. After 
deciding the concentration to be produced in the raw water. The dosing concentration 
required to produce a given working concentration was calculated from a mass balance 
equation, (see Equations 30 to 33)
C3 R3 = CjRj + C2 R2  .................................................................... Equation (30)
C3 = ( Cl Rj + C2 R2 ) /  ( Ri + R2  )  ...................................................Equation (31)
where Cj = concentration of the pesticide in the river water.
C2  = dosing concentration.
Rj = flow rate of influent water.
R2  = dosing rate of the pump.
C3 = working concentration.
R3 = rate of flow of the resulting water.
Therefore, to produce a working concentration of C3 flowing at a rate of R3 , the dosing
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solution concentration required was calculated from the following equation:
C2  = ( C3 ( Ri + R2  ) - Cl Ri ) /  R2 .....................................................Equation (32)
or equivalently the flow rate of a prepared dosing solution can be calculated by 
rearranging Equation (32) for Rj Equation 33 is obtained.
R2  = (C3  (R 1+R2 ) - CiRi) /  C2 ............................................................... Equation (33)
2.3.4 Sampling
2.3.4.1 Water sampling
To ensure a steady state condition water samples were collected after a minimum of 
24 hrs of commencement of dosing. The following six sample collection points were 
selected for sample co^ection across the whole of the treatment system:
1) Raw water from the mixing tank (which is also the influent to the first 
prefilter).
2) Prefilter 1 effluent (PFl) from the water coming out of the prefilter 1 (which 
is also the influent to the prefilter 2 .
3) Prefilter 2 effluent (PF2) from the water coming out of the prefilter 2 
(which is also the influent to the prefilter 3).
4) Prefilter 3 effluent (PF3) from the water coming out of the prefilter 3 (which 
is also influent to both the biological filters),
5) and effluent from the biological filter 1 and 2 (BFl and BF2 respectively). 
To investigate the removal of the herbicides at different depths a special experiment
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was performed using the biological filter 1. Manometer reading points which were 
placed at depths of 4, 6 , 9, 14, 24, and 30 cm. One sampling point was placed at 5 
cm above the filter surface. This sampling point was used to measure the concentration 
of herbicide actually entering the filter bed. The sampling points arrangement is shown 
in Fig.2.5
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Figure 2.5 Airangement of side sampling points on the biological filter 1.
2.3.4.2 Schmutzdecke sampling
At the end of herbicide dosing schmutzdeckQ samples were collected. The 
schmutzdeckQ was sampled from the biological filters by scraping the surface of the
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fabric layering. To have a representative sample four scrapings were made from each 
sand filter and were then mixed. The mixed sample was then dried at 100°C. The dried 
sample was then ground and analyzed using the method described in the method 
development section (see Chapter 3.0).
2.3.5 Sampling materials
A ll samples, from every inlet and outlet, were collected using glass bottles with teflon 
lined caps. This was to avoid loss through adsorption on plastic bottle surfaces and 
contamination from a possible release of organic compounds from plastic materials. 
Bottles of 200 - 500 ml size were used for water samples and 250 ml wide mouth 
glass bottles were used for schmutzdeckQ sampling.
2.3.6 Sample storage
Upon arrival at the laboratory the collected samples were immediately filtered through 
Whatman glass microfiber filters (GF/F, 0.7 p.m diameter) using Whatman's three 
piece filtration set up. The filtered samples were then stored at 4®C until analysis. The 
stored samples were usually analyzed within 48 hrs.
2.3.7 Solution preparation
a) Stock standard solutions
Each stock herbicide solution was prepared in water, except for atrazine which was
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prepared in methanol. Each herbicide was accurately weighed (10 mg) on a five place 
balance, before making it upto the 1 0 0 0  ml mark the solution was vigorously shaken 
and sonicated until all the solids had dissolved, then the solutions were made up to 
1 0 0 0  ml mark and transferred to a dark bottle and were stored in a cold room at a 
temperature of 4°C. These solutions were regularly checked for deterioration and were 
usually changed after one month period of use. These solutions were used as spiking 
solutions both for river and distilled water studies in the method development section 
as well as for calibration curve preparations.
b) Laboratory dosing solutions
The solid technical grade herbicide necessary to make the required concentration was 
weighed on a five place analytical balance. It was then dissolved in water and 
sonicated until all the visible undissolved herbicides dissolve. Then it was added to 
the two 2 0  litre glass tanks and made up to the 2 0  litre mark on both the containers.
c) Pilot plant dosing solution
Dosing of herbicide on the pilot plant was performed both with the technical grade 
herbicides and the formulation grade herbicides. For the technical grade herbicide the 
weight of each herbicide was measured in the manner described in the above section. 
Then it was dissolved in enough water, sonicated and was taken to the pilot plant. The 
prepared herbicide solution was then poured into the 90 litre container and was filled 
to the 90 litre mark with the raw water. Further dissolution was made by mixing the
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whole solution with stirring rod. For the formulation herbicide dosing the equivalent 
weight of the formulation liquid (for 2,4-D and MCPA) and weight for atrazine was 
dissolved in a similar fashion and was dosed by the method described.
2.3.8 Batch experiments
Batch experiments were performed for the determination of rate of reaction of the 
herbicide with the selected adsorbent. The advantage of the technique that figured 
significantly on its selection are its freedom from complex hydraulic parameters which 
are indigenous to flow through systems and its adaptability to small volume work.
а) Method for rate of adsorption determination at constant temperature.
1 ) The GAC was pulverized and a size fraction of 1.12 /  0.6 mm was sieved.
2) Eight 2 0 0  ml of 250 ppb pesticide solutions were measured.
3) 0.1 g of the pulverized GAC was added to each of the eight 200 ml herbicide 
solutions.
4) The mixture was agitated for 5 min, 10 min, 20 min, 30 min, 60 min, 120 min, 240 
min, 480 min.
5) The GAC was filtered through a 0.7 |0 ,m glass fibre filter and the solution was 
retained.
б ) The filtrate was analyzed for herbicide concentration by the methods developed in 
the method development section.
7) Data was tabulated and concentration of adsorbate was plotted versus contact time.
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b) Method for laboratory determination of water quality on the removal of herbicides.
Experiments were performed to determine if  some of the removed herbicides were due 
to adsorption, or interaction with the different dissolved organic and inorganic 
substances. Since most of dissolved inorganic matter comes from soil, some 
representative soil colloids were investigated for their ability to adsorb the herbicides 
studied. This was done for different concentrations of the herbicide, clay and humic 
material.
1) Different concentrations of clay (eg. kaoline and montmorillonite at concentrations 
5, 10, 20, and 50 ppm) and humic acid were prepared in organic free double distilled 
water . Mixtures of clay colloids and humic matter solutions were prepared
2) The solutions were then spiked with a varying amounts of stock herbicide solutions 
to make the desired concentrations of the herbicides (eg. 10, 20, 40 jig/1).
3) The solutions were then gently shaken for a period of 1 hr.
4) The solution was then filtered through glass fibre filter and was analyzed for any 
unadsorbed herbicide.
2.3.9 Basic water quality analysis
Water quality parameters such as, turbidity, suspended solids, total and faecal 
conforms were all taken from a monitoring experiment conducted simultaneously with 
this research. Monitoring was made following standard methods of analysis (Jones 
1993 - 1995). Temperatures were measured using a standard thermometer. All
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temperature readings and sample collections are made at around 9.30 am of all the 
specified dates in the results section.
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CHAPTER S M ETH O D  DEVELOPM ENT, AND V A L ID A T IO N
3.1 Analytical method
Precise results on low microgram per litre level of analysis calls for a sensitive 
analytical technique. In this herbicide removal study HPLC methods were developed 
validated and used with UV detector at the appropriate wavelength selected for each 
herbicide (see table 3.1).
Identification and confirmation is usually made with more expensive instruments such 
as coupled HPLC-MS or more recently with the use of diode array detectors. For the 
purpose of this research detection was made based on absorption of the compound at 
its maximum absorption wavelength whereas peak identification was made based 
on comparison with a standard. As additional means of peak 'confirmation' blank 
water, water before spiking with the herbicide solution was analyzed. Notice here the
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study was made on spiked samples and absence of a peak in the blank water is a 
strong indication of the absence of interference or presence of the same compound in 
the water samples.
Table 3.1 Mobile phase composition and for the analysis of the selected 
herbicides.
herbicide mobile phase composition
wavelength
( W
atrazine 50 % MeCN in water 
33% MeCN in water
220 nm
2,4-D and MCPA with 0.01% HAc 
10% MeCN with 7.5
280 nm
paraquat mM SHS & 0.1 M 258 nm
orthophosphoric acid. .
3.2 Extraction technique
Most techniques for the extraction of herbicides from aqueous solutions are lengthy, 
are subject to considerable error and require a large quantity of sample and solute. Of 
the usual methods of extraction, partitioning of an extract between immiscible solvents 
is the most accurate, although it still requires between 40 to 60 minutes for a single 
extraction. In this herbicide removal study large numbers of samples have to be 
analyzed in a short period of time to minimize loss due to biological degradation or 
interaction of herbicides with organics in the water. This method was not considered
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to be precise enough or fast enough to satisfy the needs of this research.
Recently the use of a solid - sorbent for the extraction of trace quantities of pesticides 
from water has gained advantage over the conventional liquid - liquid extraction 
technique, some of the advantages of this method include:
i) decreased use of and exposure to hazardous solvents.
ii) extracts are not hindered by formation of emulsions.
iii) less laborious and time consuming, suitable for the analysis involving 
extraction of large number of samples.
3.3 Method development for analysis of atrazine
3.3.1 General ^
Different methods have been developed to analyze atrazine from different matrices 
such as soil (Qiao et al. 1995, Dankwardt et al. 1995), water (Sabik et al. 1995) and 
formulations (Dailey & Johnson 1995). The methods include HPLC, Gas 
Chromatography (GC), Enzyme Linked Immuno Sorbent Assay (ELISA), (Enzyme 
Immuno Assay (ElA), and High Performance Thin Layer Chromatography (HPTLC). 
Atrazine has a strong UV absorption in the region 200-240 nm, a UV scan of atrazine 
shows that it has its maximum absorption at 220 nm. And detection is made by the 
use of a UV detector at this wavelength.
In the past both solid and liquid phase extractions have been used for the extraction
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of atrazine from water and other matrices. For the purpose of this research a tailor 
made solid phase extraction method was developed for the extraction of atrazine.
Method development of atrazine started with selecting a suitable solvent and column 
for its separation. Atrazine is a non polar compound and its separation on an 
octadecyl silica column with either methanol - water ^stem, or acetonltrile - water 
system is to be expected. Different composition of these mobile phases were tested for 
separation and sensitivity. Table 3.2 Shows the results obtained on an Ultrasphere C18 
column.
Comparing the results in table 3.2 shows that the acetonltrile - water gave a better 
sensitivity for the same per cent composition of the mobile phase at the same flow 
rate. An increase in thq sensitivity of upto 2.67 times was observed with acetonltrile 
based mobile phase, the difference in sensitivity increased as the per cent composition 
of each organic solvent was decreased. Acetonltrile was then selected as the suitable 
solvent for the separation of atrazine. A 50% acetonitrile - water was found to be an 
optimum composition for the separation of the compound.
The next stage on the method development was to develop a rapid, sensitive and 
selective extraction technique capable of quantitative extraction of atrazine down to 
0.1 jig/1 and below.
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Table 3.2 Determination of composition, type and flow rate of mobile phase for the 
analysis of atrazine.
Detector response (cms).
Methanol Acetonitrile
% flow (ml/min) flow (ml/min)
composition 1.0 1.5 1.0 1.5
50 - 11.1 10.5
60 5.8 5.5 15.5 14.4
65 8.0 7.1 - -
70 10.1 9.3 18.1 18.0
80 15.0 13.5 - -
Concentration of atrazine = 2.5 |ig/ml, 20 |il injection, AÜFS = 0.2
Method development with a solid phase extraction cartridge generally involves the 
selection of adsorbent, selection of conditioning solvents, selection of washing 
solvents, and selection of eluting solvents. Once these conditions are optimally 
selected they will be validated with variation of conditions such as pH, concentration 
of the analyte, and volume of sample used for analysis.
3.3.2 Selection of sorbent.
Reversed phase extraction of a non polar solute from a polar medium requires the use 
of a non polar sorbent, C l8 was selected based on previous published screening 
methods for analysis of a large group of pesticides from water. For 1 jlg/ml sample
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loading results (see table 3.3) showed that a zero break through was observed, that 
is 100% retention of atrazine was possible using a CIS cartridge. Another possibility 
is that of the use of ion exchangers for the extraction of atrazine. Atrazine has a pKa 
of 1.68 and carries a positive charge below a pH value of 1.68. This behaviour can 
be used to retain atrazine on a cation exchanger such as SCX (Benzenesulfonicacid 
cation exchanger). This property of atrazine was exploited in the extraction of the 
compound from schmutzdecke samples.
Efficiency of sorption was evaluated with respect to change in concentration of 
atrazine, presence of natural organic matter (using river water), variation of pH, and 
change in the volume of sample used for extraction. Results are tabulated and 
thoroughly discussed in the following sections.
3.3.3 Selection of conditioning solvent.
A wetting of the solid phase material is important to wash impurities and expose the 
hydrocarbon chain for adsorption in the cartridge, in the determination of the 
efficiency of washing solvents two column volumes of methanol, followed by two 
column volumes of distilled water was used as the conditioning solvents. The results 
in table 3.3 shows that good retention was observed, notice that methanol followed by 
deionized water was used as the conditioning solvent in all of the method development 
section.
It was later found that because of the ease of evaporation hexane : acetone (1:1) was
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selected as an eluent. This requires that the same solvent be used for conditioning so 
that sorbent material which was not washed out during conditioning would not be 
eluted in the elution step. Hence three column volumes of hexane : acetone (1:1), 
followed by two column volumes of methanol and two column volumes of distilled 
water were used as conditioning solvents.
3.3.4 Selection of washing solvent.
The purpose of a washing step is to clean the sample from interfering compounds, 
usually with similar properties to the analyte. Therefore the washing solution must be 
strong enough to elute the interference and must also be weak enough not to elute the 
analyte. For this reason usually a mixture of solvents with varying degree of strength 
has to be evaluated. Different composition of methanol and acetonitrile were compared 
for their ability to wash interference without washing atrazine. See table 3.3. The 
results showed that 25% MeOH did not elute any atrazine fOr the three washing steps 
studied while 25% MeCN started to elute atrazine on the second washing step. From 
this it was decided that 20% methanol would be a safe washing solution.
3.3.5 Sorption.
Sorption or retention is the phenomenon where attraction exists between the sorbent 
and isolate molecules, causing the isolate to be immobilized on the sorbent surface as 
the sample solution passes through the sorbent bed. The above experiment proved that 
atrazine was 100% retained on C18 column. It was then necessary to determine the
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dependence of retention of atrazine for the following variation of conditions:
i) Concentration of atrazine in the sample.
ii) Volume of sample used for analysis.
iii) pH of sample.
Table 3.3 Comparison of washing solvents for the extraction of atrazine.
Solvent Detector response (cms)
compos­
ition T‘ washing 
with 2 ml
2"‘‘ washing 
with 1 ml
3”* washing 
with 1 ml
Break­
through
10%
MeOH
0,0 0.0 0.0 0.0
15%
MeOH
0.0 0.0 0.0 0.0
20%
MeOH
0.0 ^ 0.0 0.0 0.0
25%
MeOH
0.0 0.0 0.0 0.0
10%
MeCN
0.0 0.0 0.0 0.0
15%
MeCN
0.0 0.0 0.0 0.0
20%
MeCN
0.0 0.0 0.3 0.0
25%
MeCN
0.0 3.4 18.7 0.0
- 2 column volumes of methanol followed by 2 column volumes of distilled water was 
used as conditioning solvent. Concentration of atrazine = 5 ng/ml.
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Table 3.4 Effect of concentration of atrazine on accuracy and precision of extraction
Concentration
(ppb)
peak height 
of eluate. *  
(mms)
peak height 
of standard, 
(mms) **
% recovery
0.1 5.9 ±0.03 5.05 116.8
0.5 28.8 ±0.37 27.0 106.7
1.0 56.2 ±0.67 58.7 95.7
5.0 134.5 ±0.78 141.8 94.9
* S.D's are from 6 independent measurements. * *  results are duplicate averages.
3.3.5.1 Effect of sample concentration.
Solid sorbents have a limited capacity of concentrating an analyte and it was necessary 
to determine if  the concentration of interest could be retained without loss of recovery. 
To determine the effect of concentration of atrarine on retention four different 
concentrations of atrazine (0.1, 0.5, 1, and 5 |ig/l) were loaded onto the 500 mg CIS 
cartridges and results are shown in table 3.4. It is clear from the results that 
quantitative recovery of atrazine was possible for the concentration range studied.
3.3.5.2 Effect of sample volume
Based on the requirements of the experiment different amounts of sample volumes
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might have to be used for analysis of atrazine. It meant that the effect of varying 
sample volume on the accuracy and precision of results be determined. To determine 
the effect of volume of sample used for analysis of atrazine, 0.05 p.g atrazine was 
spiked to 100, 200, 500, and 1000 ml of water. The solutions were then loaded onto 
the 500mg C l8 cartridges and recovery values are shown in table 3,5.
Table 3.5 Effect of volume of water sample on accuracy and precision of atrazine 
extraction.
Sample 
volume (ml)
Peak height of 
eluate. (cms)
peak height of 
standard.(cms.)
% recovery
100 26.6 27.0 98.3
200 26.0 27.0 96.1
500 263 27.0 97.4
1000 28.0 27.0 103.7
C.V 3.37 %
% error 1.22 %
Weight of CIS cartridge = 500 mg.
No significant difference in recovery (a % error of 1.22 as a result of the difference 
in volume) was observed for the concentration studied. For variation of the volume of 
water from 100 ml to 1000 ml the method was found precise enough. A precision of 
3.37% variation was observed as measured by the coefficient of variation. This means
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that any suitable volume of water in this range can be used in the analysis of atrazine 
if  the concentration is in the range 0.1 to 5 |ig/l.
Table 3.6 Effect of pH on the accuracy and precision of atrazine extraction.
% recovery
Sample pH concentration of atrazine.
0.5 ppb 2 ppm
2.0 94.4 99.8
4.0 86.3 101.9
7.0 106.7 100.0
8.0 91.9 102.1
10.0 88.9 110.5
C.V. 8.45 4.28
% error . 0.064 -0.027
3.3.5.3 Effect of sample pH
Change in pH of a sample can modify the interaction of the analyte and the solid 
phase material. It was then necessary to evaluate the effect of change in pH of sample
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on the precision and accuracy of the extraction process. The effect of pH was 
evaluated for two concentrations 0.5 ng/ml and 2 pg/ml and recoveries compared. 
(See table 3.6). Extraction of atrazine on C18 does not seem to be significantly 
influenced by the pH variations of the solvent matrix, but to keep the molecule in an 
ionized form a neutral pH was selected as a safe pH for extraction.
3.3.6 Selection of elution solvent.
Having studied retention it was then necessary to study the elution behaviour of 
atrazine from the C18 cartridges. Different solvents have different strength in eluting 
a given analyte, the strength mainly depends on the polarity of the solvent and the 
analyte. For this purpose different solvents and combination of solvents with different 
degree of polarity were compared and recoveries are tabulated in table 3.7
From the results, table 3.7, it is very clear that more than one solvent was able to elute 
atrazine with 100 % recovery. Out of the seven solvents and mixtures of solvents 
compared, four ( methanol, acetone, TMP + EtAc (9+1), and hexane : acetone (1:1) 
gave a 100% recovery. The four solvents were compared for their ability to elute 
atrazine in the minimum of elution fractions (see table 3.8).
Investigation of the above results showed that atrazine can be effectively recovered 
from C18 cartridges by using either methanol, TMP: EtAc (9+1), or hexane : acetone 
(1:1). For the purposes of this project hexane : acetone is selected. This was because 
of the ease of its evaporation for further concentration step. To gain further sensitivity
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the eluted solution was then evaporated to dryness. This was achieved by blowing 
down under oxygen - free nitrogen. The dried sample was then reconstituted with the 
mobile phase and was injected to the RP-HPLC.
Table 3.7 Comparison of different elution solvents for atrazine extraction.
Detector response (cms)
Eluent Peak height Peak height of %
of eluate. standard. recovery.
MeOH 14.4 14.1 102.5 *
ACTN 13.9 12.8 108.6
EtAc - - -
HXN 3.7 15.9 23.3
TMP 7.8 14.5 53.5
TMPiEtAc (9+1) 16.1 15.2 105.6 *
HXN:ACTN (1:1) 16.2 15.5 104.5 *
- = could not be determined because of the overlap of solvent and compound peak. 
* = results are independent duplicate averages. The Conditioning solvent used was 
methanol. Concentration of atrazine = 5 ng/ml
Having determined the elution pattern of the compound it was then necessary to 
determine the effect of moving to a river water on the extraction accuracy and 
precision. For this purpose water samples were taken from the river Tillingbourne and 
were spiked with different amounts of the herbicide. The solutions were then loaded
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onto the CIS cartridges and recovery results were calculated (see table 3.9). The 
results showed that the recovery values obtained were precise enough (see coefficient 
of variation) and accurate enough (see % error) for the purpose of the research, 
besides the results were similar with recovery data obtained with distilled water 
compare table 3.9 with 3.4. (sample chromatograms are shown in fig. 3.1)
Table 3.8 Determination of the minimum volume of eluent for atrazine extraction.
% recovery
Eluent T' 2 ml 
elution
2"^  1 ml 
elution
3"“ 1 ml 
elution
Break­
through
MeOH 102.5 0.3 0 0
ACTN 108.6 0 - -
EtAc - - - -
HXN 23.3 0 0 0
TMP 53.5 0 0 0
TMP:EtAc
(1+9)
105.6 0 0 0
HXN: ACTN 
(1:1)
104.5 0 0 0
Concentration of atrazine = 5 ng/ml.
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Table 3.9 Accuracy and precision of atrazine extraction from river Tillingbourne 
water.
Concentr­
ation (ppb)
Detector response (mms)
peak height 
of 
eluate.
peak height of . 
standard in distilled 
water.
% recovery
0.1 5.7 5.05 113.9
0.5 32.0 27.0 118.5
1.0 63.0 58.7 107.3
5.0 134.5 141.7 94.9
C.V 9.44%
% error 8.65%
3.3.7 Stability of atrazine in water.
Stability of atrazine in an aqueous medium was determined in distilled water. The 
determination was performed by storing different concentrations of atrazine in water 
for varying numbers of days. The solutions were stored in dark bottles at room 
temperature. Data in table 3.10 demonstrates that time of analysis of atrazine for upto 
10 days did not significantly affect the recovery (accuracy) and precision of atrazine 
analysis. This observation means that, should removal of the compound by the 
biological treatment system occur, it is not due to the instability of atraâne in water.
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Table 3.10 Determination of stability of atrazine in water.
% recovery
Storage time 
(days)
Concentration of sample (ppb)
0.1 0.5 1.0 5.0
2 118.8 110.7 100 95.4
4 117.8 103.7 99.8 92.6
6 111.9 92.4 91.1 84.4
10 104.0 95.9 94.7 92.4
C.V 5.2%
% error 8.8%
3.3.8 Special cases of atrazine analysis
In cases when the organic content of the river water increases, extraction on the CIS 
cartridge would not suffice to produce a clean sample and another sample clean up 
step was necessary. The following clean up and extraction method was developed for 
cases where analysis of blank sample shows the presence of high organic matter.
The method was modified based on the principle that, atrazine has a pKa of 1.68 and 
can be made to carry a charge below a pH unit of 1.68. This phenomenon can be used 
to extract atrazine from water by ion exchange mechanism, this makes it possible to 
extract atrazine without simultaneous extraction of a large group of organic chemicals
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in the water. The extraction of a compound by ion exchange mechanism has one 
disadvantage in that it usually uses high ionic strength solvents for elution. This makes 
further concentration by evaporation very difficult. This problem was avoided by use 
of solvent exchange step on a C18 cartridge by a reversed phase mechanism. The 
retention and elution of atrazine by this method is summarised in table 3.11.
3.3.8.1 Extraction of atrazine from schmutzdecke
For the extraction of atrazine from schmutzdecke. The dried schmutzdecke sample 
(collected as described in section 2.3.4.2) was ground using mortar and pestle. And 
a 1 g weight of the ground silt was then taken and the atrazine extracted with 50 ml 
of acetone. The acetone was blown down to Ca. 10 ml volume and atrazine was 
extracted out of the acetone matrix by salt formation on benzenesulfonic acid cation 
exchanger by a method similar to the one described by Battista et al. (1988), to 
increase sensitivity of analysis the extract was then solvent exchanged to a volatile 
hexane : acetone mixture (1:1) on C18 cartridge and analyzed using the method 
developed for the extraction of atrazine from water.
The 30% MeOH composition was selected because it favours the reversed phase 
solvent exchange step with the modification of the 7 g KCl to 15 g KCl. The total 
eluent collected was diluted by adding 20 ml of HPLC water. Then the procedure for 
the extraction of atrazine with C18 cartridge was followed. Using this procedure a 
total recovery of 89.63% was achieved within the first two elutions. The detailed 
procedure is described in section 3.6.1.
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3.4 Method for analysis of 2,4-D and MCPA.
3.4.1 General
In the past different methods, such as GC-ECD, GC-MS, HPLC with UV and 
simultaneous UV - fluorescence and electrochemical detection, have been developed 
for analysis of these herbicides. These methods are reviewed in detail by Yolanda et 
al. (1994), Tekel et al. (1993) and Font et al. (1993). Owing to the highly polar and 
low volatility nature of these compounds, they cannot be directly determined by GC 
at residue levels. Hence derivatization procedures to convert them to a more volatile 
product is necessary. Usually methyl or pentafluorobenzyl (PFB) esters are used for 
this purpose. Other derivatization agents include, trifluoroethanol, acetyl chloride and 
iodoethane. Derivatization with 2-Cyanoethyldimethyldiethylaminosilane 
(CEDMDEAS) has been reported for use with GC-NPD. This method is reported to 
be much more selective than GC-ECD, and formation of the CEDMSDEA derivative 
is almost instantaneous. Derivatization with pentafluorobenzyl bromide (PFBB) has 
an advantage of giving a higher sensitivity of GC-ECD analysis. The PFB method may 
be advantageous if lower detection limits are required and if a narrower GC-ECD 
quantification range can be tolerated.
HPLC methods have simplified the analysis of these compounds by making analysis 
possible without derivatization of these compounds. These herbicides could be 
detected at levels low enough to satisfy the stringent EC water quality directive. A 
detection limit of 0.01 pg/I and 0.03 |ig/l have been reported by Balinova (1993) and
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DiCorcia and Marchettl (1991) without the necessity of derivatization procedure. 
Detection of these herbicides is usually made at 220 nm and 280 nm. For the purpose 
of this research 280 nm is selected because it provides better selectivity.
Different extraction methods have been developed and used for the extraction of these 
herbicides from different matrices. These methods include the use of liquid -liquid 
extraction (Hernandez et al. 1993), silica based extraction cartridges ( Font et al. 1993) 
and Yolanda et al. (1994)), porous polymer sorbents, and charcoal cartridges Font et 
al. (1993).
3.4.2 Selection of sorbent
Extraction of 2,4-D wifh anion exchanger and carbopack B cartridge was compared 
by DiCorcia & Marchetti (1991). The comparison was made by extracting solutions 
of 2,4-D prepared with 0.1% and 1.0% NaCl in water. The results showed that 
variable recovery of 2,4-D was obtained with the anion exchanger while the carbopack 
B cartridge gave quantitative recoveries of consistently greater than 90%.
In another set of experiments DiCorcia & Marchetti (1991) have compared recovery 
of 2,4-D by extracting with C18 and Carbopack. Their results have shown that the 
carbopack gave a 2,4-D recovery of 92% while the C18 cartridge gave a 2,4-D 
recovery of 41% for concentration of 2,4-D of the order of small microgram quantities 
per litre and a water sample volume of 1-4 litres. The low recovery for 2,4-D on the 
C l8 cartridge could be explained by the ionization chemistry of this herbicide. A far
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better recovery would have been obtained if the ionization of the herbicide was 
suppressed by addition of an acid to a pH of 2 or less units. This enhances the non 
polar characteristics of the molecule and its retention by a reversed phase mechanism.
Font et al. (1993) have reviewed the extraction of different herbicides including 2,4-D 
and MCPA on different types of adsorbents. Generally recovery values on bonded 
silica cartridges such as C8 and C l8 is reported to have a good recovery. A per cent 
recovery of 74-101 was reported, the differences in the reported results could be due 
to slight differences in the methods developed and different sources of the cartridges 
used.
Comparison of the above cited published reports on the extraction of 2,4-D and MCPA 
by different solid phase materials showed that these herbicides can be retained on C8 
and C18 cartridges. Sorbent screening for 12 silica based cartridges was performed by 
Shahtaheri (1993). C8 and C18 were found to the best cartridges for the extraction of 
these compounds. A recovery of 104.5% (for 2,4-D) and 111.4% (for MCPA) was 
obtained on the C l8 cartridge. Elution solvent and sorbent selection was not, 
however, based on the chemistry of these compounds and was mainly on the 
assumption of a reversed phase chemistry of the compounds and the sorbents. For the 
purpose of this research CIS was selected and extraction results were validated for 
river water using water from the river Tillingbourne (see table 3.14).
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3.4.3 Selection of conditioning solvent
Most of the successful methods developed for these herbicides used methanol followed 
by deionized or HPLC water as conditioning solvents. In this study methanol 
followed by 20% MeOH in water at pH = 2 was used as a conditioning solvent. This 
was based on the results obtained by Shahtaheri (1993). The efficiency of this 
conditioning solvent can be seen from the quantitative recoveries obtained in table 
3.12 to 3.15.
The conditioning solvent was reported, by Shahtahari (1993), to be an efficient 
washing solution. Two millilitres of this solution was used for washing any 
interference after the water sample was allowed to pass through the C 18 cartridges. 
In this experiment th|s washing solution was used and has given a quantitative 
recovery of 2,4-D and MCPA.
3.4.4 Sorption
In this study dependence of sorption of the analytes for the following variation of 
conditions were evaluated:
i) Concentration of 2,4-D and MCPA in the sample.
ii) Volume of sample used for analysis,
3.4.4.1 Effect of sample concentration
Effect of concentration of 2,4-D and MCPA on sorption was evaluated for the
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concentration range (0.1 - 5) |Xg/l for both distilled (see table 3.12 and table 3.14 
respectively) and river waters. Sample chromatograms are shown in fig. 3.2. The 
recovery values obtained were comparable to the ones reported by different 
investigators (Wells et al. 1987, Bogus et al. 1990 and Hernandez et al. 1993).
Table 3.12 Effect of concentration of 2,4-D and MCPA on accuracy of extraction.
Concentration
(ppb)
% recovery 
for 2,4-D
% recovery 
for MCPA
0.1 90.1 96.3
0.5 94.0 92.5
1.0 89.4 102.0
5.0 95.2 97.1
N.B. Elution was made with MeOH 4x1 ml.
3.4.4.2 Effect of sample volume
Effect of volume of sample used for analysis were evaluated by spiking 0.5 jiig of each 
herbicides to 100,200, 50Ô, and 1000 ml of water. Effect of water sample volume on 
the extraction of these herbicides was studied by Hernandez et al. (1993) for a fixed 
weight of 4 pg in a varying volume of water (100-1600 ml), though there was no 
rationalization given, their data showed that recovery reduced as sample volume was 
increased, but this was not observed (see table 3.13) in this study for a fixed herbicide 
weight of 0.5 pg in a varying volume of water.
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Table 3.13 Effect of volume on accuracy of extraction of 2,4-D and MCPA.
Sample 
volume (ml)
% recovery 
for 2,4-D
% recovery for 
MCPA
100 102.3 '88.6
200 92.1 90.2
500 95.7 96.5
1000 95.2 93.0
3.4.4.3 The effect of sample pH
Since the compounds of interest are ionizable the extraction of these compounds by 
a reversed phase mechanism is pH dependent and sufficient suppression of the 
dissociation of the acidic function is necessary for the quantitative recovery of the 
compounds. This effect is thoroughly investigated by Shahtaheri (1993). He has 
suggested a pH = 2 to be an optimum pH for the extraction of these herbicides. This 
pH was also used by most of the successful methods developed earlier.
3.4.5 Stability of 2,4-D and MCPA in water
The study of the stability of the herbicides in water was found necessary since the 
method of removal of herbicides by the water treatment systems presupposes the fact 
that no herbicide is lost due to instability. For this purpose the stability of these 
chlorophenoxy acid herbicides was determined in distilled water for a period of upto 
five days (see table 3.15). The results clearly show that there was quantitative recovery
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of the compounds from water for the time period the study was performed.
Table 3.14 Recovery of 2,4-D and MCPA from a river water.
Concentration % recovery for
(ppb) ■“
2,4-D MCPA
0.1 88,7 97.1
0.5 90.3 90.9
1.0 88.3 100.0
5.0 91.8 94.3
Table 3.15 Stability of 2,4-D and MCPA in water.
No of days % recovery
2,4-D MCPA
1 92.4 95.1
2 87.7 88.5
3 823 86.7
5 90.0 87.0
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3.4.6 Extraction of 2,4-D and MCPA from schmutzdecke
Solvent extraction can be used for the extraction of chlorophenoxy acid herbicides
from soil matrices. The solvent of choice is water. This is because of the high
solubilities of the herbicides in water. Since most organic interferences are not water%
soluble, water gives an added advantage of sample clean up.
Aqueous extractions of chlorophenoxy acids from solid matrices is reviewed in detail 
by Yolanda et al. (1994). Loconto (1991) has shown that complete recovery (105%) 
of 2,4-D can be obtained if the aqueous solvent is alkaline (with 1% NaOH). In this 
research alkaline NaOH (1%) was used for the extraction of 2,4-D and MCPA from 
dried schmutzdecke samples. Once the herbicides were extracted into the aqueous 
phase" the solid phase extraction of the compound discussed in the previous sections 
was followed. The detailed procedure for the analysis is given in section (3.6.1).
3.5 Method development for analysis of paraquat
In the past a number of different methods have been developed for analysis of the 
bipyridinium herbicides from different matrices: pond water (Simon & Taylor 1989), 
liver (Queree et al. 1985), urine (Gill et al. 1983), marijuana (Needham et al. 1979), 
rat brain (Corasaniti et al. 1990, Corasaniti & Nistico 1993), formulations (Kawano 
et al. 1975), blood (Queree et al. 1985) and from different agricultural products 
(Nagayama et al. 1987). The different methods developed for paraquat analysis in the 
past are reviewed in the following section (see table 3.16).
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3.5,1 General
One of the first methods for the analysis of paraquat was based on the reduction of 
the compound to a blue coloured free radical with sodium dithionite in alkaline 
conditions this method lacks both sensitivity and selectivity.
Owing to its cationic nature paraquat is prone to sorption interactions and its 
displacement from the bonding sites of an organic matrix requires special conditions, 
mostly achieved by refluxing it with strong sulphuric acid or hydrochloric acid. This 
results in large amounts of co-extractives which may interfere with the determination 
of paraquat by absorption spectral method.
Gas chromatographic methods have been developed for paraquat analysis. Owing to 
its non volatile nature, paraquat's determination by gas chromatographic techniques is 
only possible after conversion of the compound to volatile products. Hajslova et al. 
(1989) developed a gas chromatographic method by derivatization of the compound 
(via hydrogenation ) and achieved a detection limit of 0.005 mg/kg with a N-P 
detector and mass fragmentography.
Recently liquid chromatographic methods in different modes are being more frequently 
used. Slightly different ion pair RP-HPLC methods are developed by Corasaniti &  
Nistico (1993), Corasaniti et al. (1990), Queree et al. (1985), G ill et al (1983), 
Needham et al. (1979), for toxicological and clinical purposes. The Environmental 
Protection Agency (EPA) method (EPA method 549) uses a liquid solid extraction and
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LC with UV detection and extraction with C8  solid sorbent cartridge in the ion pair 
mode and have a detection limit of 0,44 |Xg/l ( as cited by Simon &  Taylor, 1989). 
Emon et al. (1986) developed a very sensitive and selective enzyme linked immuno 
assay technique but since the method is at its developmental stage, some of the 
reagents are not commercially available,
A highly sensitive radioimmunoassay method is also developed by Bowles et al. 
(1992) using monoclonal antibodies; the method has a detection limit of 0.46 ng/ml 
for 200 |xl aliquot sample. Of the different methods reviewed the high performance 
liquid chromatographic methods, particularly those which use the diethyl or triethyl 
amine and phosphate buffer at pH = 3, gave a good peak and was selected for 
chromatographic system in this project.
The different methods reviewed in table 3.16 used different extraction techniques for 
separating paraquat from the different matrices. The different extraction methods 
available for paraquat can be generally classified as either: 1 ) liquid - liquid extraction, 
or 2) solid phase extraction (SPE) or a combination of both. The advantages of solid 
phase extraction techniques are described at the start of the chapter see section 3.2. 
Extraction of paraquat is usually performed on solid phase extraction cartridges.
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Table 3.16 Review of analytical methods for the extraction and analysis of paraquat.
Aoulhor (y«»r) column type chromatographic mode dItaction IlmlL matrix analysed.
Mass spectrometry
Bsrcelo et *1.(1993) — »*# (LI • 0.17ug/g soli
GC method
Hajslova et al. (1989) 5 % carbowax 20M plus 
2 % KOH packed 
column
” (L005mg/kg
HPLC methods
Nagayama et al.(1987) NH, normal phase 0.02ug/g rice, corn, wheat
Corsaniti et al. (1990) C18 IP-RP-HPLC ISngfg rat brain
Queree et al. (1985) Y Bondapack C l8 IP.RP-HPLC 0,lug/g liver & blood
Gill et al. (1983) C18 IP-RP-HPLC lug/ml urine
Needham et aL (1979) YBondapack C18 IP-RP-HPLC SOugfl Marijuana
Simon & Taylor 
(1989)
two bare sjlcacartridges 
In tandem
adsorption
chromatography
lug/l & 
O.lug/1 wa
well water
Nakagirl et aL (1989) TSK gel SP-2 sw Ion exchange 
chromatography
lug/ml serum & urine
Miller et aL (1979) Vydac cation exchange 
resin
Ion exchnge 
chromatography
lOO-lOOOug/l serum
Pryde &  Darby (1975) y-
aminopropyltrietboxysll
ane.
Ion
exchangechromatograp
hy.
lOOug/l urine
Kawano et aL (1975) cation exchange resIn 
with sulfonic acid solid 
core material.
Ion exchange 
chromatography
10.3Sug/l formulations
Biological method
Bowles et al. (1992) radioimmunoassay 0.46ng/ml biological
Emon et al. (1986) used ELISA technique 0.1 - 0.27 ng/ml environmental
samples.
•w for 2 0  and 1 0 0 ml sample respectively. 
IP-RP = Ion Pair Reversed Phase mode.
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The solid phase extraction of paraquat can be classified into different classes based on 
the chromatographic mode employed:
i) ion - pair SPE with C8  or C18 disposable cartridges.
ii) Cation exchange extraction on cation exchangers.
iii) adsorption chromatography on bare silica.
Ion pair reagents such as SHS, SPS, SOS, and SDS can be adsorbed on non polar 
cartridges such as C8  or C18 by reversed phase mechanisms. The cartridge will then 
act as an ion exchanger to adsorb paraquat and the adsorbed paraquat can be eluted 
with acidic methanol. Absolute recovery experiments performed in preliminarv studies 
showed that with ion pair extractions the recovery was variable between runs, changes 
for different concentration samples, dependent on amount of conditioning solvent and 
weight of cartridge ani^  generally less than 50% (see recovery results in table 3.17. 
3.18. & 3.19). Recovery determinations for liquid - liquid extraction of paraquat in the 
ion pair mode have also been shown to have recoveries of similar magnitude by 
Queree et al. (1985).
Cation exchangers such as Amberlite CG-50 can be used for the extraction of paraquat 
from water. One problem associated with cation exchangers is the need to use large 
volumes of eluent to elute the paraquat from the cartridge. Nagayama et al. (1987) 
have developed a method with Amberlite CG - 50 with elution volume of 50 ml.
Simon and Taylor (1989) have developed an adsorption mode extraction method using 
bare silica cartridges and have achieved a detection limit of 1  and 0 . 1  pg/ 1  of paraquat
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in pond water for water sample of 20 and 100 ml respectively. Their method involved 
a flow of the water sample at a drop wise rate lengthening the time of analysis.
In this research different types of extraction cartridges were investigated and that a CN 
(cyanopropyl) column is used for the concentration of paraquat from water samples. 
Paraquat is a positively charged cation and a detailed consideration of the properties 
of paraquat showed that it is very strongly retained on polar sorbents such as silica 
(Simon & Taylor 1989) but is not retained on a very non polar sorbent such as C8  and 
C18 (preliminary study). Considering these properties suggests a cartridge having both 
properties of being moderately polar but not very polar and moderately cation 
exchanger so that retention is optimized and elution is made easier.
In an attempt to validate the developed methods, mainly the heavily used ion-pair 
extraction techniques, the different ion-pairs were compared using C18 and with 
different sample volume and concentration of the herbicide. Results are tabulated in 
table 3.17.
The results showed that for the smaller sample volume (50 ml) the ion pair extraction 
systems gave a better recovery when the concentration was 1 ng/ml. But for heigher 
concentrations recovery values were generally very poor for both sample volumes 
studied i.e 50 and 100 ml..
Comparison of the different ion pair reagents showed that for 1 ng/ml 100 ml sample 
comparable recoveries were obtained except for the SDS which gave a significantly
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lower recovery value. For the 5 ng/ml concentration SOS showed a significantly 
better recovery compared to the other ion pair reagents. To explain for the loss in 
recovery, breakthrough analyses were performed with the SHS ion pair reagent (see 
table 3.18). The results clearly showed that the herbicide passed through the cartridge 
and were recovered in the breakthrough.
Table 3.17 Determination of break through and recovery of paraquat for different 
concentrations and different volume sample using different ion pair reagents.
1 0 0  ml Ing/ml 
sample
50 ml sample
type pk.ht % for 1  ng/ml for 5 ng/ml
of IP rec. sample sample
pk.ht %reco. pk ht • % reco.
SHS 3.8 48.7 3.7 1 0 0 1.9 35.5
SPS 4.0 51.3 3.1 95.9 1.5 28.0
SOS 4.0 51.9 3.7 1 0 0 3.6 66.4
SDS 3.15 40.4 - - 0.4 7.5
cartridge used C18 (500 mg). %reco. = % recovery, IP = ion pair
Table 3.18 Determination of break through of paraquat for 100 ml 
sample with SHS.
pk. ht % reco.
first elution 3.8 48.72
second elution 0.4 5.13
break through 4.1 52.56
total recovery - 106.41
* cartridge type C18 (500 mg).
To determine if the weight of the base adsorbent material affects the recovery of 
extraction, comparisons were made between the 200, 500 and 1000 mg C18 cartridges
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with different amounts of the conditioning solvents (see. table 3.19). The results 
showed that the higher the weight of the cartridge the better the recovery, it appeared 
that the ion pair reagent was already in excess and was not limiting.
Table 3.19 Effect of cartridge weight and amount of critical conditioning 
solvent on recovery of paraquat.
% recovery with CIS cartridge
Number of 
conditioning * 2 0 0  mg 500 mg 1 0 0 0  mg
Ix - 36,59 101.5
2 x 29.27 34.15 1 1 0 . 8
* number of times more than in the described procedure by (G ill et al. 1983). 
sample volume = 10 ml. sample concentration = 5 ppb.
Effect of variation of the pH of water on the extraction efficiency was determined by 
varying the pH of the water sample for the same concentration of the herbicide (1 
ng/ml). Results showed that no significant variation in efficiency (see table 3.20).
Table 3.20 Effect of sample pH on the 
ion pair extraction efficiency.
pH % recovery
3.0 41.46
7.0 39.02
9.0 36.59
cartridge type CIS (500 mg).
IP reagent used = SHS
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3.5.2 Selection of sorbent
The recovery values obtained with available developed methods showed that these 
methods were not adequate to fulfil the requirements of this study. It was then 
necessary that a other suitable method be developed. The method development started 
with selection of sorbent. To select an appropriate sorbent different extraction 
cartridges were compared (see table 3.21). The results showed that, with the type of 
conditioning and elution solvents used, recovery values were very poor for all the 
cartridges.
Following this the cation exchange cartridges CN, CB A, SCX were evaluated for their 
ability to retain and elute paraquat with inorganic eluent, (see table 3.22). Evaluation 
of the cation exchange cartridges with inorganic eluents showed that CN & CB A gave 
a recovery of 90% and above. The interaction with SCX cartridge was found too 
strong which made elution very difficult, it was also shown that this cartridge gave a 
higher breakthrough. Following this the CN cartridge was selected as the preferred 
cartridge for the extraction of paraquat from water,
3.5.3 Selection of conditioning solvent
Through all the studies with CN and CBA cartridges the general bonded phase 
application conditioning solvents i.e. 2  column volumes of methanol followed by 2  
column volumes of HPLC water was used . It was clear from the recovery values (see 
table 3.22) that retention was sufficiently good and selection of conditioning solvent
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was not found necessary
Table 3.21 Screening of different cartridges for 
paraquat extraction
Type of 
cartridge
extraction
mode
% recovery
C8 IP-RP 24.39
C18 IP-RP 29.73
CN IE 0
SCX IE 0
CBA IE 0
Sample volume =10 ml, sample concentration = 5 ng/ml,
Elution solvent = acidic MeOH. Cartridge weight = 200 mg each
Table 3.22 Evaluation of cation exchange extraction of paraquat.
step
% recovery
cartridge type
CN CBA SCX
first elution 108.6 91.9 40.5
second elution 5.4 8 . 1 1 0 . 8
B.TH. 0 0 1 0 . 8
2  ml sample size 2 0 0  mg cartridges. 1  p-g/ml sample.
The conditioning solvent used was 2 column volume of MeOH followed by 2 column 
volumes of HPLC water.
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3.5,4 Sorption
Sorption of paraquat on the CN cartridge was evaluated with respect to change in 
concentration of paraquat, and pH change of the water sample .
3.5.4.1 Effect of sample concentration
Different concentrations of paraquat were loaded on the CN cartridge and recovery 
values were compared. Table 3.23 shows that recovery values were not significantly 
affected by changing the concentration of paraquat in the water sample.
Table 3.23 Effect of different sample concentration on the recovery of paraquat.
amount of 
paraquat on the 
cartridge
% recovery
1 “ elution 2 "*^ elution 3”* elution
8 . 0  ug 116.4 2 . 2  0
4.0 ug 1 0 0 . 0 5.9 0
2 . 0  ug 106.7 0  0
1 . 0  ug 115.4 3.8 0
N.B. cartridge type CN (1 g). Sample volume = 2 ml. 
Elution with 3 x 1  ml, 1,5 N HCl
3.5.4.2 Effect of sample pH
Ion exchange extractions are usually sensitive to pH change of the sample medium. 
The pH effect was determined by altering the pH of a solution to different pH range. 
The resulting solutions were analyzed in a similar way. Results are tabulated in table 
3.24. It was clear from the results that as the concentration of the hydronium ion 
increased the recovery of paraquat decreased. This is because proton (or the 
hydronium ion in the hydrated state) has a higher charge density and a smaller bulk 
volume. Both of these factors favour the preferential sorption of proton to the paraquat
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ion.
Table 3.24 pH effect on the extraction of paraquat.
% recovery
pH cartridge type
CBA CN
Elution break­
through
wash elution break­
through
wash
1.93 28.6 25,07 53.16 28.99 17.5 57.94
4.00 101.57 0 0 107.25 0 0
5.50 114.01 0 0 — — —
7.50 100.0 0 0 100.0 , 0 0
9.00 100.0 0 0 113.04 0 0
10.00 107.02 0 0 100.0 0 0
Concentration of paraquat = 1 lig/ml, sample volume = 2 ml.
3.5.5 Selection of elution solvent
Once CN was selected as a sorbent for paraquat extraction it was then necessary to 
optimize elution of the herbicide from the cartridge. Different inorganic eluents were 
compared for this purpose(see table 3.25). Of all the compared solvents 1.5 N HCl 
gave the best recovery in the smallest fractions. Another experiment was performed 
for the determination of optimum strength of HCl for the efficient elution of paraquat 
from CN cartridge. In this experiment four different strengths of HCl solutions were 
compared and results are tabulated in the table 3.26. The results clearly showed that
Chapter 3 Method development 136
1.5 N HCl was the elution solvent of choice.
To determine if varying amounts of paraquat on a CN cartridge can be eluted by the 
same 1.5 N HCl different amounts of paraquat were loaded onto the CN cartridges. 
Elution was then performed with 3x1 ml of 1,5 N HCl solution and the results are 
shown in table 3.23.
Table 3.25 Selection of elution solvents for paraquat from CN cartridges.
eluent % recoveiy
jST
elution
2ND
elution
gRD
elution
B.TH. WASH
mobile phase pH = 3 62.3 23.9 10.9 0 0
mobile phase pH = 2 85.2 22.3 8.5 0 0
0.5M HP0^7HjP04^ 
,pH=3
69.6 16.5 5.2 0 0
0.5M HPO/ZHjPO^^, 
pH = 2
80.9 3.2 0 0 0
MgCh,2M 19.6 0 0 0 0
AgNO), O.IN 8.9 114.3 0 0 0
NH 4NO3 + AgNOj (2.0M 
+ O.IM)
66,4 0 0 0 0
HCl 1.5N 118.8 4.7 0 0 0
NaCl, 6 M 16.7 25.0 N.D 0 0
cartridge type = CN (1 g), sample volume = 2 ml, sample conc.= 1 |Lig/ml.
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Table 3.26 Elution capacities of different strength HCl solutions.
solution % recovery
strength
1 *^  elution 2 "*^ elution 3"^  elution
1.5 N 118.8 4.7 0
1.0 N 108.6 7.4 1 . 2
0.5 N 98.8 7.2 4,8
0.1 N 52.7 1 1 . 8 0
N.B: determination of the break through and the washing solutions showed no 
detectable paraquat.
Cartridge type = CN (1 g), sample volume = 2 ml, sample conc,= 1 |ig/ml.
Since the method was to be mainly used with a river water, water samples from the 
river Tillingbourne were analyzed for any paraquat. When it was found that it 
contained no paraquat, paraquat was spiked in two different concentrations and 
extraction was performed in a similar way. Results are tabulated in table 3.27. Sample 
chromatograms are given in fig. 3.3. The results clearly show that quantitative 
recovery of paraquat is possible from water using CN cartridge.
3.5.6 Stability of paraquat
Paraquat analysis for distant sampling points could be simplified if  extractions of the 
compound can be performed on site and the cartridge transported to laboratories or
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places were the appropriate instruments can be found. To determine this different 
concentrations of paraquat were loaded onto two batches of CN cartridges. The 
cartridges were then kept on an open bench for a period of up to two weeks. After one 
week one batch was analyzed and after another the second batch was analyzed ( see 
table 3.28). The results demonstrated that recovery of paraquat was not affected for 
the time period of storage studied.
Table 3.27 Extraction of paraquat from river water with CN and CBA cartridges.
step % recovery
CN cartridge CBA cartridge
1  p-g/ml 1  ng/ml 1  |Xg/ml 1  ng/ml
first 2  ml elution 104.2 92.86 86.5 0
second 2  ml 
elution
0 0 3.8 0
wash 0 0 0 0
break through 0 - 0 N.D
N.D = not determined. Wash was performed with 2x1 ml MeOH
Table 3.28 Stability of paraquat on CN cartridges.
Time of 
storage
% recovery after the corresponding days
Amount of paraquat (ng)
1.0 2.0 4.0 8.0
7 days 
14 days
88.0
100.0
97.8
89.4
93.1
89.2
96.2
94.2
N.B. Each measurement is a duplicate average
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3.5.7 Extraction of paraquat from schmutzdecke
Extraction of paraquat from solid matrices such as crops, and soil was reported by 
Hajslova et al. (1989), Nagayama et al. (1987) and Tucker et al. (1967). A common 
characteristics of these extractions was that of treating the powdered sample with acid. 
It is well known that paraquat is tightly bound in soil through electrostatic interactions. 
For this reason the soil samples are usually refluxed with concentrated HgSO  ^ as 
opposed to the dilute H^SO  ^ used for the extraction of the compound from crops 
(Tucker et al. 1967). In this research refluxing with concentrated H 2 SO4  is used for 
the purpose of extracting paraquat from schmutzdecke. The acid extract was then 
diluted and the solid phase extraction method developed for the extraction of paraquat 
from aqueous matrix used. The detailed procedure is given in section (3.6.1).
3.6 Method validation
Included in this section are overall method summaries, detection criteria, method 
sensitivity, method accuracy, and method precision for both between and within run 
requirements.
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3.6.1 Method Summaries
Procedure for the extraction o f atrazine from water
2 0 0  - 1 0 0 0  ml water sampleII IIi
filter through 0.7 |im glass fibre filter
I adjust to pH « 7
500 mg €18 Column conditioning
j 3 X column volumes of HXN : ACTN (1:1) 
2 X column volumes of MeOH 
2 X column volumes of deionized water 
sample loading
I « 8 - 1 0  ml /  min
washing
I 2 x 1  ml of 20 % MeOH
It
Elution
j 4 X 1 ml of HXN : ACTN (1:1)
iConcentration
j drying under a blowing nitrogen gas
i
Reconstitute in 0,5 ml of 50 % MeCN
!
I
inject 20 1^ into the HPLC
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Procedure for the extraction o f atrazine from Schmutzdecke 
Dry Schmutzdecke sample in oven at lOO^C
I grind the dried sample 
1 g of the ground sample
I extract with 50 ml of ACTN 
4
dry acetone extract to 1 0  ml
Condition 500 mg SCX cartridge
2x column volumes 0.12 M  HCl in MeOH 
2x column volumes of MeOH 
2x column volumes of Acetone 
load acetone extract 
» 1  ml /  min
dry for Ca. 2  min
1I+elution
Î
14x 1 ml KCl saturated with 30% MeOH 
t  dilute extract with 20 ml HPLC water 
solvent exchange on C18
1 exchange to 4 ml hexane : acetone ( 1 :1 )
evaporate the hexane : acetone ( 1 :1 )
} dry under a blowing nitrogen gas
reconstitute it with 50% MeOH and inject 20 fil to HPLC
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Procedure for extraction of 2,4-D and MCPA from water
200 - 500 ml of water samples
filter through 0.7 jam glass fibre filter
sample pretreatmenti
adjust pH = 2 with dilu. HCl
500 mg C18 column conditioning
2x column volumes of MeOH 
2x column volumes of 20% MeOH containing 
0.01 M  phosphate buffer, pH = 2I
sample loading •
Ca. 8-10 ml/min 
interference washing
2x 1 ml of 20% MeOH containing
0.01 M  phosphate buffer, pH = 2
elution 
14x 1 ml MeOH
I
drying
under blowing nitrogen gas
reconstitute with the mobile phase 
and inject 20 |Xl to the HPLC
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Procedure for the extraction o f 2,4-D and MCPA from schmutzdecke
sample drying at 100°C
I powder the dried sample
V
1  g of the powdered sample
!
I extract with 300 ml of warm 1% NaOH 
1 double distilled deionized water
i
filter through 0.7 pm glass fibre filter
i
1
solid phase extraction of the 
filtrate as described above
Procedure for the extraction o f paraquat from water 
sample pretreatment
adjust pH = 7
1000 mg CN column conditioning
I. Ix  column volume of MeOH 
j 2  column volumes of deionized water
I
sample loading
Ca. 5 ml/min
interference washing
I 2 x 1  ml of MeOH 
t
elution
I
4 X 1 ml of 1.5 N HCl 
neutralize with 0.42 ml 14.3 N NH4OH
evaporate on a water bath or evaporator
IIt
reconstitute with 0 , 5  ml of the mobile phase 
and inject 20 pi to the HPLC
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Procedure for extraction o f paraquat from schmutzdecke 
Schmutzdecke sample
I ^
I dry at lOO'C 
powder the dried sampleI
1  g of the powdered sample
add 50 ml of conc. sulphuric acid 
add 2 0 0  ml of distilled water 
reflux for 4 hr on a water bath 
cool
filter the solution 
t  neutralize the solution with Conc. NH 3  
dilute to 1  litre
pH = 7
Follow the extraction for paraquat 
from water and extract
3.6.2 Calibration curves
The calibration curves are summarized (see table 3.29) in their linear equation form 
and representative calibration curve is given in fig. 3.4.
Table 3.29 Calibration curve equations of each of the herbicides studied.
Herbicides Slope intercept regressioncoefficient
Atrazine 0.0135 0.1023 0.999
2,4-D 4.2213 0.3368 0.998
MCPA 4.9987 -0.0351 0.998
Paraquat 3.0832 -0.0663 0.997
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3.6.3 Method detection criteria
Slightly different terms are being used to show the limit of detection of a method. For 
the purpose of this research Method Detection Limit (MDL) is reported. MDL is 
defined as the lowest concentration of an analyte in distilled water that a method can 
detect reliably and which is statistically different from the response obtained from a 
blank carried through the complete method including sample pretreatment and 
treatment.
The method detection limit for the four herbicides studied using the following water 
sample volumes and different by at least five times the base line noise are reported in 
the following table (table 3.30)
Table 3,30 Method detection limit for each of the herbicides studied.
Herbicide MDL (iig/1) water sample volume
Atrazine 0.1 (0.05) 200 (500)
2,4-D 0 . 1 500
MCPA 0 . 1 500
Paraquat 0 . 1 500
3.6.4 Method sensitivities
Sensitivity is a measure of the instrument response factor (the ratio of instrument 
response to the concentration of the herbicide). It is commonly measured as the slope
Chapter 3 Method development 148
of the calibration curve. The sensitivity of each extraction method is determined in 
each method development section of each of the herbicides, and the sensitivity here 
is the over all sensitivity of the method as taken from the calibration equation.
3.6.5 Method precision
The two components of an analytical precision, within run precision ( to measure the 
random error during processing of a single batch of samples) and between run 
precision (to measure the variability between various batches of samples analyzed), 
were determined at four different concentration levels. While the accuracy (% recovery 
) of the method was determined by comparing the results obtained after processing the 
sample through the whole method to the 'true' or the known result. The accuracy and 
precision of each method is given in the following tables, (see table 3.31 & 3.32)
Table 3.31 Within run method accuracy and precision for the determination of the 
selected herbicides.
Herbic­
ide
% average recovery ±  S.D, n = 5.
Concentration (lig/1)
0.5 1.0 4.0 5.0
Atrazine 100.47 ±1.94
2,4-D
MCPA
82.97 ±2.86 
87.77 ±4.43
Paraquat 104.90 ±13.24
99.67 ±1.63 
90.77 ±1.10 
91.60 ±9.86 
105.20 ±7.69
99.4 ±0.57 
8 8 . 6  ±3.0 
92.63 ±5.91 
104.2 ±11.85
99.73 ±1.86 
91.13 ±1.97 
96.6 ±7.59 
96.1 ±5.35
Sample volume = 200 ml.
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Table 3.32 Between run method accuracy and precision for the determination of the 
selected herbicides.
Herbic­ % ave. recovery ± S.D, n = 5.
ide Conc.pg/1
0.5 1 . 0 4.0 5.0
Atrazine 103.9±7.28 104.33±6.31 104.016.93 100.3710.81
2,4-D 88.13±4.43 91.6±10.76 92.6316.38 96.617.59
MCPA 86.77±2.91 88.0317.25 91.3312.17 95.915.70
Paraquat 104.5±7.41 99.8314.09 100.97110.43 97.712.22
Sample volume = 200 ml.
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CHAPTER 4 RESULTS AND DISCUSSION
4.1 Removal study
The herbicide removal study started with a steady state dosing of the selected 
herbicides to the pilot water treatment plant built in the Shalford water treatment 
works (see fig. 2.1 and 2.2). Samples were then collected from the different sampling 
points selected after 24 hours of the start of dosing. This was to let the ^stem achieve 
steady state (see Section 2.3.4). Removal was determined by measuring the 
concentration of the herbicides in the influent and effluent water.
4.1.1 Removal of the selected herbicides by the gravel prefilters
The removal of each of the four selected herbicides by the gravel prefilters was
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studied separately. Different forces could operate to effect removal of herbicides by 
gravel prefilters. Gravel prefilters have a degree of microbial activity implicating the 
possibility of biodégradation. As gravel prefilters operate a large amount of deposit 
is accumulated. Adsorption on this deposit is another factor which could be 
responsible for removal by gravel prefilters.
4.1.1.1 Removal of atrazine
To develop the desired atrazine concentration of 3-5 |ig/l in the raw water, a herbicide 
solution of Ca. 2.2 ppm was pumped by digital controlled pump at a rate determined 
by the flow rate of the raw water. For instance if the flow rate of the raw water was 
20 1/min, and if a final concentration of 5 jag/1 of atrarine was required in the influent 
water the herbicide solution would be dosed at a rate of Ca. 46 ml/min.
Based on the information on the environmental chemistry of atrazine, instantaneous 
sorption and biodégradation was unlikely. This is because of the very slow kinetics 
of atrazine biodégradation (see section 1 ,2 .1 ) which usually requires days or months 
or even years. By comparison the reaction time provided by the gravel prefilters is a 
much smaller period of Ca. 1 hour and it can be said that the biological removal of 
atrazine by the gravel prefilters would be expected to be negligible. If  the removal of 
atrazine was to be observed it was probably due to adsorption reactions between 
atrazine and adsorptive surfaces available in the bed.
Based on solubility criteria atrazine has the lowest solubility in water of all the studied
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herbicides, assuming that removal is due to partitioning of the solute based on its 
hydrophobic character, atrazine would be expected to be the most removed. On the 
other hand since the concentration of the herbicide applied to the filters (3-5 jig/1) was 
far below the solubility limit of the compound (30,000 jig/1), partitioning effects 
would not be as strong as would be expected if the compound was applied at higher 
concentrations, as is usually the case with soil studies.
Analysis of the concentration of the herbicide atrazine in the influent and effluent 
water of each gravel prefilter showed that there was no significant change in the 
concentration of the herbicide after passing through the gravel prefilters (see table 4.1). 
The small negative and positive per cent removal figures are understandably minor 
systematic errors in the sampling and dosing part of the experiment. A sample 
chromatogram is presented in fig. 4.1. The chromatographic peak clearly shows that 
atrazine was present in equal amounts in each of the influent and effluent waters as 
the water flows through the gravel prefilters PFl, PF2, and PF3. The corresponding 
concentration values are shown in table 4.1.
4.1.1.2 Removal of 2,4-D and MCPA
The chlorophenoxy herbicides 2,4-D and MCPA were dosed separately. The dosing 
arrangement is similar to the one described for atrazine. A concentration of Ca, (3 - 
11) |ig/l was produced in the raw water by pumping the herbicide solution of 4 ppm 
at a rate determined by the mass balance equation (see equation 30). Herbicide 
removing capacity of the filters was calculated as percentage reduction in the
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concentration of these herbicides across each treatment unit.
The environmental behaviour of these compounds indicate that they are fairly soluble. 
This means that partitioning is very less likely. Because these compounds carry a 
negative charge, under the usual pH range of a surface water (Ca. pH = 5 to 8 ) 
adsorption on clay and organic colloids is unlikely. The only mechanisms of 
adsorption may be through electrostatic bonding on multivalent cation sites on clay 
colloids. This kind of interaction becomes more significant as the water activity of the 
medium decreases and as the concentration of the herbicide in the water increases. 
Based on this information removal of these herbicides by the prefilters is not expected. 
On the other hand the ease of their microbial degradation (see section 1.2.2) implies 
that if there is microbial activity in the prefilters, removal of the compounds could be 
observed.
The extent of removal of these herbicides is shown in fig. 4.2 and 4.4. The graphs 
showed that an average of 17 per cent removal 2,4-D and MCPA was achieved for 
the concentration range applied. This removal is most probably due to, mainly 
biodégradation of the herbicides and probably some adsorption in the prefilters. From 
the graphs it was also clear that percent removal of the herbicides followed the 
following order: per cent removal by PFl > PF2 > PF3. This is probably due to the 
decrease in the concentration of the herbicide in the influent water as the water flows 
through the water treatment system. In other words the prefilters 2 and 3 were exposed 
to comparatively lower concentration of the herbicide than the prefilter 1. Sample 
chromatograms to show the removal of this herbicide are presented in fig. 4.6 and 4.7.
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4.1.1.3 Removal of paraquat
To investigate the removal of the bipyridinium herbicide paraquat a similar experiment 
to the one used for the other herbicides was performed. A herbicide concentration of 
Ca. 5-10 jig/l was produced in the influent water by pumping the herbicide solution 
as described in section 2.3.3. Removal of the herbicide by the gravel prefilters was 
determined by comparison of the effluent concentration with the influent concentration 
of the herbicide.
Paraquat might be expected to be removed by gravel prefilters. This is due to the fact 
that, besides the common van der Waal - London interactions, paraquat undergoes 
different classes of intermolecular interactions such as ion exchange and electrostatic 
bonding, hydrogen bonding and charge transfer complex formation.
Results showed that paraquat was not removed by the biological filters (see table 4.2). 
Sample chromatograms are presented in fig 4.8. The small positive and negative 
percent removal figures are errors in dosing, mixing and analysis. The observed result 
can be explained by the fact that the compound was applied in a far too low 
concentration (5-10 jag/l) compared with the studies which investigated the adsorption 
affinities of paraquat to different surfaces, which are usually in the order of 1 0 0 0  jig / 1  
or more.
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4.1.2 Removal of herbicides by the biological filters
Following the gravel prefilters in the treatment line in this study are the biological 
filters. For the study of the removal of the selected herbicides two biological filters 
with differing bed depth were used. The two biological filters were run in parallel with 
one another. This arrangement was also used for the comparison of different flow rates 
and contact times.
4.1.2.1 Removal of atrazine
For removal of atrazine by the biological filters the raw water which was spiked with 
atrazine solution was followed through the gravel prefilters and across the biological 
filters. The biological filters are generally expected to remove herbicides more than 
the gravel prefilters do. This is because biological filters contain more microbiological 
activity. Hence more sorption and biodégradation is expected in the biological filters 
by comparison to gravel prefilters. The herbicide passing through the biological filters 
spends more time compared to the water passing through the gravel prefilters. This 
allows slow rate reactions, both physical and biological, to take place and to go to 
completion.
Data on the removal of atrazine by biological filters is presented in table 4.1. 
Statistical analysis of the results showed that atrazine was not removed by the 
biological filters. Sample chromatographs are also presented in fig. 4.1. The 
chromatograms show that atrazine was present in all the waters across the treatment
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^stem in equal quantities. This shows that there was no removal of atrazine by any 
of the treatment units.
Table 4.1 Data for the removal of atrazine across the combination of the gravel 
prefilter biological filter treatment system.
Date Concentration of atrazine (|4g/l) at:
RAW PFl PF2 PF3 BFl BF2 
effluent effluent effluent effluent effluent
7/7/94 3.12 4.04 3.97 3.71 3.35
11/7/94 3.82 4.00 3.97 3.97 3.82
13/7/94 4.33 3.97 4.15 3.97
29/7/94 4.59 4.62 4.73 --- 4.40 4.48
31/7/94 4.99 5.06 5.17 5.28 5.06 5.17
2/8/94 4.73 5.31 3.53 5.50 5.46 4.11
4/8/94 4.59 3.60 4.33 4.59 4.18 4.00
13/8/94 3.97 4.11 4.33 4.26 3.58 4.80
15/8/94 3.42 3.67 3.64 3.60 3.46 3.46
Average 3.84 4.01 3.95 4.04 3.86 4.00
S.D 0.58 0.56 0.50 0.64 0.71 0.43
% removal -4.4 +1.5 - 2.2 + 4.4 -3.63
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4.1.2.2 Removal of 2,4-D and MCPA
Under the environmental chemistry of 2,4-D and MCPA (section 1.2.2) it was shown 
that toxicity to microorganisms of these herbicides is comparatively very low and 
many microorganisms are shown to grow on these chemicals. These compounds are 
amongst the most biologically degradable herbicides and because microorganisms are 
capable of growth in these herbicides solutions, undoubtedly biodégradation is an 
important mechanism should removal occur. The main limiting factors here are the 
availability of microorganisms to perform biodégradation, and the rate of herbicide 
diffusion in the bulk water to the cell surface to match the water flow rate.
For a mature filter microorganisms are present in abundance and can be assumed to 
be non limiting (for a slow flowing ^stem). The physical behaviour of these 
compounds is that they are fairly soluble in water. This dictates that diffusion in the 
bulk water is very rapid. In other words once a microorganism removes (by passive 
sorption or active transport) the herbicide available around it, transport of the 
unremoved herbicide from the bulk water to the microorganisms' surrounding is rapid 
making instantaneous removal of the compound theoretically possible.
The removal of 2,4-D and MCPA by the biological filters is shown in Fig. 4.3 & 4.5. 
Analysis of the graphs shows that some of the 2,4-D penetrated the biological filters 
at the beginning of the dosing period. This was due to lack of maturation of the 
biological filters as they were only seven days into run when dosing of the herbicide 
started. On the other hand the graph for the removal of MCPA fig. 4.5 showed that
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removal started from day 1 and consistently continued up to day 18. The observed 
difference in the graphs between the 2,4-D and MCPA is only due to the fact that the 
filters used for MCPA was a fully matured filter, 40 days into the run, while the filter 
used for the removal of 2,4-D was only seven days old. The effect of maturation of 
filters on the removal of herbicides is investigated separately in section 4.4.4.
The sample chromatogram for the removal of 2,4-D and MCPA are shown in Fig 4.6 
& 4.7. The sample chromatograms showed that there was no 2,4-D (below the method 
detection limit) in the unspiked raw water (blank). The spiked raw water has a 2,4-D 
peak whose height progressively reduced as the water passed from one prefilter to 
another. Finally when the water passed from PF3 to each of the biological filters all 
the herbicide present in the water was removed to below the method detection limit. 
A similar behaviour was shown for MCPA see fig. 4.5
Once removal of these herbicides was observed it was necessary to determine how 
long this herbicide removing ability continues. The dosing of 2,4-D was continued for 
a period of nearly one month, and MCPA dosing was continued for up to day 18 (see 
fig 4.3 & 4.5). The results clearly indicated that the removal was not a temporary 
adsorption or sorption but a continuous sorption and biodégradation of the herbicides. 
The mechanisms of removal are discussed in detail in the rest of this chapter. A small 
breakthrough of 2,4-D was observed at day 26. But such breakthrough was not 
observed in all the other dosing periods.
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H=2 PF3 1F1 IFZ  
Treatment unit
Figure 4.2 Removal of 2,4-D by the treatment ^stem at Shalford during the 
period Oct. /  Nov. 1994.
1 9 12 14 22 25 26 29
Number #f days ef 2,4-9 deslnf
Figure 4.3 Performance of the treatment ^stem for the removal of 2,4-D for the 
period of 29 days of 2,4-D dosing, Oct27 -Nov.25 1994.
Chapter 4 Results and discussion 161
% total remeval
PF2 PF3 1F1 1F1
Treatment unit
Figure 4.4 Removal of MCPA by the treatment ^stem at Shalford during the 
period Nov. /  Dec.1994.
effluent1 5 •  12 14 I t
Number ef days ef MCPA deslng
Figure 4.5 Performance of the treatment system for the removal of MCPA for the 
period of 18 days of MCPA dosing, Nov.27-Dec.l6 1994.
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4.1.2.3 Removal of paraquat
Paraquat carrying a double positive charge and two pyridine rings is a compound 
prone to adsorption both on organic and inorganic matter. Adsorption can take place 
through a number of different kinds of interactions discussed in the section on the 
environmental chemistry of paraquat ( see section 1.2.3). Most of the studies cited in 
that section however refer to the adsorption of paraquat in soil or in water at high 
concentrations of paraquat, usually in the mg/1 levels. Paraquat persists in the 
environment for a long period of time. It  is not however, clear whether this is because 
paraquat gets adsorbed on surfaces and is difficult to be accessed by microorganisms 
or whether the degradation of the compound is very slow in the environment. The 
observed behaviour of the compound as it filters through the biological filters shows 
that paraquat is not significantly degraded by microorganisms in the biological filters 
(see table 4.2).
4.2 Effect of performance variables on removal
Having investigated the removal of the selected herbicides by the gravel and biological 
filters at standard operating conditions (eg. 0.15 m/hr flow rate through the biological 
filters and 0.53 m/hr through the gravel prefilters). It was then necessary to observe 
the effect of changing these variables on the removing capacity of the filters.
For the purpose of investigating change in performance variables two biological 
filters were run one having 300 mm sand depth and the other having 500 mm sand
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depth. To observe the effect of changing flow rates the two filters were run at two 
different flow rates.
Table 4.2 Data for the removal of paraquat across the treatment plant at Shalford.
Date
Concentration of paraquat (pg/1) at:
RAW PFl
effluent
PF2
effluent
PF3 BFl 
effluent effluent
BF2
effluent
15/6/95 5.2 6.0 5.4 4.2 5.7 5.9
17/695 7.6 6.4 7.0 5.4 6.9 7.2
19/695 8.9 7.5 8.6 8.9 8.5 7.0
21/6/95 7.8 8.7 8.0 6.9 7.5 6.0
23/6/95* 10.0 9.9 8.28 8.5 8.7 9.2
24/6/95* 6.6 7.1 7.4 5.1 6.3 7.2
27/6/95* 5.7 4.5 5.8 5.5 5.5 6.0
Average 7.4 7.2 7.2 6.35 7.01 6.93
S.D 1.71 1.78 1.21 1.79 1.28 1.61
% removal 2.7 0 +11.8 -11.1 -9.13
* Dosing during this period was performed with formulation containing 2.5% of the 
compound.
Chapter 4 Results and discussion 167
4.2.1 Effect of flow rate
It is clear that lower flow rates (for a given bed depth) would result in longer contact 
times of the herbicide for adsorption and biodégradation reactions. Faster flow rates 
would lead to a quick passage of the water through the bed. This reduces the total 
reaction time. For instance, a decrease of flow rate from 0.16 m/hr to 0.07 m/hr would 
increase the average time the water spends in the bed from 1.61 hr to 3.68 hr. Despite 
the increase in time there was no increase in the removal of atrazine by the biological 
filters (see table 4.3). This was probably due to the fact that this time increase was 
insignificant compared to the time it takes for microbial removal of atrazine (refer to 
section 1.2.1) in solution cultures and soil studies.
An increase in flow rate from 0.06 to 0.12 m/hr would decrease the average available 
reaction time of the herbicide from 4.3 to 2.15 hr. The reaction time was effectively 
halved and was expected to affect the removal of 2,4-D. Results in table 4.4 showed 
that, that was not the case. This was probably due to the fact that the decrease in the 
reaction time was insignificant compared to the instantaneous removal rate of the 
compound. It must however be remembered that the results do not represent the whole 
range of increase and decrease in flow rates, and that different results could be 
achieved if the flow rates were increased too fast or decreased too slow. A wider 
depth variation study was performed by changing the sampling strategy (see section 
4.4.3).
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4.2.2 Effect of bed depth
An increase in bed depth increases the sand surface available for microbial 
colonization and for direct herbicide adsorption. Theoretically it can be expected that 
an increase in bed depth would generally result in an increase in the herbicide 
removing capacity of the filter. An increase of the bed depth from 300 mm to 500 mm 
increases the reaction time of the water from 3.68 to 6.14 hr for 0.07 m/hr flow rate. 
And would increase it from 1.61 hr to 2.69 hr for 0.16 m/hr flow rate. Results (see 
table 4.3 ) showed that the removal of atrazine and paraquat by the two biological 
filters (for the same flow rate ) did not show significant difference. This was probably 
due to the fact that an increase or decrease in the reaction time was insignificant 
compared to the time necessary for removal of these herbicides by the 
microorganisms. The increase in sand surface probably has no significant contribution 
to the adsorption of atrazine and paraquat, the adsorption capacity of sand for these 
herbicides is investigated under section 4.4.
It was also expected that the 500 mm bed would remove 2,4-D and MCPA more than 
the 300 mm bed. This was not the case for the concentration range studied. This was 
probably because, the increase in the reaction time gained as a result of increase in 
bed depth was very large compared to the minimum time required for the removal of 
the herbicide. The decrease in the reaction time, as a result of decrease in bed depth, 
was not big enough to make the removal of the herbicide affected. This is because of 
the instantaneous nature of the removal process. Adsorption on sand has been shown 
to have no significant effect for the removal of these herbicides.
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Table 4.3 Effect of bed depth, contact time, and flow rate of the biological filters 
on the removal of atraàne and paraquat.
Bed depth 
(mm)
Flow rate 
(m/hr)
Retention time % reduction of
(h) atrazine paraquat
300 0.07 3.68 10.4 * * - -
0.16 1.61 6.8 * 11.1***
500 0.07 6.14 -5.1 * * —
0.16 2.69 -13.3 *
**  Average of four independent measurements. * Average of five independent 
measurements. * * *  Average of seven independent measurements 
Experimental period = July - August 1994 for atraâne and June 1995 for paraquat. 
Influent conc. atrazine = 3-5 pg/1, paraquat = 5 - 10(ig/l.
Table 4.4 Effect of bed depth, contact time, and flow rate of the biological filters 
on the removal of 2,4-D. and MCPA.
Bed depth 
(mm)
Flow rate 
(m/hr)
Retention time 
(hr)
% reduction of
2,4-D MCPA
300 0.06 4.3 89.6 * *
0.12 2.15 90.5 * 100
500 0.06 7.16 93.3 * *
0.12 3.58 91.6 * 100
**  Average of three independent measurements. *  Average of five independent 
measurements. Experimental period = Oct. - Dec. 1994. Influent conc. range of 2,4-D 
and MCPA = 5-lOpg/l.
N.B. The removal figures for 2,4-D and MCPA are less than 100% because of the 
maturation effects at the start of the experiments, otherwise a complete removal was 
observed for both flow rates and bed depth conditions.
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4.3 The temperature effect
The effect of temperature on microorganisms is investigated by different authors (Kilpi 
(1980). Generally an increase in temperature of up to an optimum value increases rate 
of biological degradation of organic compounds. But a further increase from this 
optimum results in the decrease in the biodegrading ability of the microorganisms. 
This optimum temperature varies from herbicide to herbicide and from organism to 
organism.
An increase in temperature has another effect in that it decreases the dissolved oxygen 
content of the water. This means that if the biodégradation of the herbicide proceeds 
through an oxidative mechanism the associated decrease caused by an increase in 
temperature will lower the extent of the removal of the compound. In their review of 
the interaction of pesticides with aquatic microorganisms Roan & Ware (1970) 
indicated, citing some published work, that the rate of degradation of 2,4-D decreased 
as oxygen concentration was reduced more significantly than when the temperature 
was reduced.
In this experiment temperature was measured simultaneously as the water samples for 
the herbicides analysis were collected. The temperature measurement was usually 
carried out between the times 9.30 am to 10.30 am of every morning and it only 
reflects the temperature change at this time of the day.
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Figure 4.9 Variation of temperature during the different seasons of the year 
1994.
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Figure 4:10 Variation of temperature during the different seasons of the year 
1995.
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Measurements of temperature showed that there was a significant change in the air and 
water temperature during the period July to October 1994 and 1995 (see fig. 4.9 and 
4.10). During the same period there was a reduction in the herbicide removing 
capacity of the filter. The effect observed could not be explained by temperature alone 
but it is thought that temperature plays a significant role either directly or indirectly 
by altering dissolved oxygen content or increasing the solubility of a number of 
compounds which would have otherwise been present in low concentrations. The 
change in the dissolved oxygen content alters the degree of aerobic behaviour of the 
bed and hence influences a number of oxidative biodégradation processes. The 
increase in the concentration of dissolved compounds as a result of increase in 
temperature leads to presence and abundance of alternative nutrients.
4.4 The effect of type of formulation
For the purpose of a research activity a pure compound is usually used. While in 
reality the herbicides applied to the environment are formulations containing the 
herbicide with other dissolution aids and sequestering chemical agents. Some additions 
are made to make the absorption of the herbicide by cells faster. The use of a pure 
compound can be argued not to represent what is applied and found in the 
environment, on the other hand to study the behaviour of a compound as it filters 
through the biological beds and determine its mechanism of removal it is necessary 
that a pure compound be used.
For this reason it was felt necessary that mechanisms of the herbicide removal be
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performed with a high purity grade herbicide, while the effect of a formulation should 
also be determined and compared. For dosing concentrations of upto 10 |XgA a removal 
to below the detection limit was obtained for both 2,4-D and MCPA for both the high 
purity dosing and formulations dosing. For paraquat the herbicide seemed to penetrate 
the filters largely unaffected in both the cases (see table 4.2).
4.5 Presence of an alternate nutrient.
One of the important considerations under water quality was the presence of alternate 
nutrients. It is a well understood fact that the presence of an alternate less toxic, more 
energy yielding compound would be preferentially biodegraded, if  present, to the 
herbicide. It is also important that if the herbicide is consumed by microorganisms for 
other purposes, such as nitrogen source, rather than energy, then it is necessary that 
there be energy supplying nutrient in which case the presence of an alternate nutrient 
is a precondition for the removal and degradation of the compound. Since 2,4-D has 
no nitrogen it must be used, if removed, strictly as an energy source.
For this purpose monitoring of change in UV absorption at 254 nm was used as an 
indicator for increase or decrease of a carbon source and as an index for the extent of 
presence of alternate nutrients. The decrease in performance for removal of 2,4-D by 
biological filters during the summer period of 1995, despite expectations, coincided 
with relatively low concentrations of 254 nm absorbing species. This was clear from 
the measurement of the UV absorbance at 254 nm (see fig. 4.11). However this can 
not be as easily ascertained as might be supposed because absorption at 254 nm is an
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indication of double bond containing compounds and not strictly the concentrations 
of alternate nutrients.
1.1
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Figure 4.11 Variation of average general organics as measured by X^ g^ with 1 
cm cell measured at sampling point PF3.
An alternative explanation for this observation is that low concentrations of energy 
compounds in the water can be assumed to correspond to an overall low number of 
microorganisms in the filter bed, and consequently low removal of herbicides. This is 
because the bed microorganisms rely on the substrate carried to them by the in 
flowing water but there is no data to support this reasoning.
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4.6 The effect of seasonal variation
Seasonal variation can be expected to have an effect both on the community structure 
and a corresponding change in the performance of the system. Water quality usually 
changes in different seasons based on the surrounding land use, human activity or 
amount of rainfall and run off. A change in temperature alone can increase the 
solubility of a number of organic molecules which would have otherwise been present 
in a relatively lower concentration. This change in water quality can introduce 
different criteria for selective adaptation and colonization of the microbial community.
Seasonal variations are also characterised by different temperature conditions which 
can directly affect the selective colonization of microorganisms. A change to a high 
temperature would favour high temperature suited (mesophilic) microorganisms and 
a low temperature would favour lower temperature suited (psychrophilic) 
microorganisms. But an increase or decrease in temperature also, indirectly, affects 
the microbial community by changing the beds' environment to either a higher degree 
of anaerobicity or aerobicity and this would be reflected by a proportional change in 
the community structure. This happens because an increase in temperature decreases 
the dissolved oxygen content of the water and hence reduces the beds' degree of 
aerobicity. An increase in temperature also increases the degree of solubility of a 
compound. These variations could bring about a positive or negative contribution to 
the removal of a certain chemical and hence a degree of altered filter performance is 
exhibited during the different seasons.
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While studying the removal of 2,4-D an observation was made that during the period 
of August through September (1995) the mature filters lost their performance for the
removal of 2,4-D but the same filters resumed their performance when the test was
carried out later in October. The partial penetration of the herbicide was observed
when the compound was first dosed for preliminary studies in August and October
1994. This showed that the loss of performance is a periodical event, performance is
at its minimum during the summer period. The removal behaviour of 2,4-D during
the seven months of the year 1995 are shown in fig. 4.12.
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Figure 4.12 Percent penetration of 2,4-D for influent concentration range of 
(6 -11) |ig/l during the seven months of the year 1995.
Following the observation that herbicide removing capacity of the biological filters 
varied through the year, a recommendation is made for future researchers with 
biological filters to point out the time and date experiments are performed while 
reporting data.
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Different authors (Foster et al, 1991, Smetham 1994) have pointed out that most 
herbicides are found more frequently and at higher concentration in water during the 
summer season. The reason for this is not clear, and could be either reduced flow or 
high application rates of the herbicides or both. If  this is always true it is unfortunate 
that the filters are not very efficient during this season to remove them.
4.7 Investigation of mechanisms
At the beginning of this chapter it was shown that only the chlorophenoxy acid 
herbicides were removed by the biological filters, and the study of investigation of 
mechanisms of removal will concentrate on the chlorophenoxy acid herbicides. To 
investigate the main causes of removal the different contributing parameters were 
studied separately. Instead of studying each and every one of the chlorophenoxy acids 
for the study of the mechanisms of removal 2,4-D was used as a model compound for 
this group of herbicides.
4.7.1 Adsorption by sand
Prior to the dosing of the herbicides into the biological filters the ability of the bed 
material (sand) for adsorbing the studied herbicides was investigated separately. A 
sand of the same origin and composition as the sand for the biological filters was 
washed with dilute hydrochloric acid. This was done to remove any microbial slime 
which might have been present on the sand and stop any biological activity.
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The sand was then filled into a column of 0.5 cm diameter and 50 cm length. The 
herbicide solution was prepared in a distilled water. The column was then dosed with 
the herbicide solution of concentration Ca. 5 |Xg/l. Effluent samples were then 
collected every day for six consecutive days. This was repeated for each of the 
herbicides. The results of analysis showed that no removal of each of the herbicides 
was observed during this period. This confirms that the herbicides were not adsorbed 
on sand. This conclusion eliminates the sand as being a cause for any removal.
4.7.2 Adsorption by silt and organic dirt
One of the possible mechanisms to remove herbicides is the silt and organic deposit 
on the surface and in the bed of the biological filters. If  any removal occurs due to 
adsorption on these deposits it can be measured by direct sampling of the deposit and 
analysis. After the dosing period of each of the herbicides, samples of the surface silt 
and organic matter was taken. This was done by scraping the surface of the fabric 
layerings. Representative sample was taken by scratching at four points on each filter 
surface and mixing each of the scratch scrapings for each filter. The samples were 
dried and analysis was performed on one gram of the dried sample.
Theoretically the herbicides capable of undergoing different adsorption reactions and 
the herbicide with low water solubility would be expected on the deposits at high 
concentration than the ones with fewer adsorption reactions and high solubility. 
Results are presented in table 4.5 and it is clear from the data that only paraquat and 
atrazine were found adsorbed in the quantities shown (see table 4.5).
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Although positive charges, which occur at the exposed edges of clay particles, may 
play a part in the adsorption of organic anions such as 2,4-D and MCPA, it is 
generally true that cationic pesticides exhibit more or less strong adsorption, whereas 
neutral and anionic herbicides are weakly adsorbed on clay particles.
Table 4.5 Amount of herbicides adsorbed on the schmutzdecke sample
after dosing.
Herbicide type Amount of herbicide 
adsorbed (pg/lg) of 
schmutzdecke
Atrazine 0.12
2,4-D <MDL
MCPA <MDL
Paraquat 0.25
MDL = method detection limit.
4.7.3 Adsorption by cake versus bed depth
If  the observed removal of the chlorophenoxy acids is through microbiological activity. 
It follows that the highest removal occurs in the region where there is the highest 
concentration of microorganisms. The distribution and density of microorganisms 
across the depth of biological filters was studied by different authors (Lloyd 1974, 
Duncan in Graham 1988, Windle-Taylor 1971). Their results strongly show that the
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largest density of microorganisms reside on the top (usually with in 5-10 cm) of the 
filter surface.
According to these results a biological filter has a decreasing microbiological activity 
as one goes down from the filter surface. Therefore in theory when a removable 
herbicide passes through this profile it moves from a highly biodegrading environment 
to a less biodegrading environment. If  the observed removal of 2,4-D is due to 
microbiological activity it must imitate this pattern in the strength of its capacity for 
the removal of 2,4-D. To observe this hypothesis a 2,4-D solution was prepared in the 
usual way and dosed to the biological filter 1. Samples were then collected from 
within the filter bed at differing depths from the surface by bed sampling technique 
described in the sampling section (see section 2.3.4.1).
The result is shown in figure 4.13, it is clear from the figure that in most of the cases 
(66% of the cases) the removal of 2,4-D, for the concentration range (6.6 -9.4) [Xg/1, 
occurred within the first 5 cm depth from the surface of the filter. In all the cases all 
of the 2,4-D was removed with in the first 10 cm from the surface of the filter.
It was then necessary to increase the concentration of 2,4-D so that the lower parts of 
the filter will be exposed to some 2,4-D solution and comparison of the removal by 
the cake versus the bed depth becomes possible. The concentration of 2,4-D was 
progressively increased to 0.021, 0.037, 0.100 and 0.156 mg/1 and the depth 
experiment was repeated. The results are shown in fig. 4.14. It is clear from the graph 
that once the herbicide penetrates level 4 ( 9 cm mark ) there was no significant
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Key: Sample point 1 = 5cm above filter
Sample points 23,4,5,6,7 = 4,6,9,14,24, and 30cm respectively.
C«ncentrati«n «12,4-1 (ug/I)
#  M #) #
oi
6# s : N
i«A«ui9j % nn«i
Figure 4.13 Determination of zone of removal of 2,4-D by biological filter 1, 
Feb.1995.
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Key: Sample point 1 = 5cm above filter
Sample points 23,4,5,6,7 = 4,6,9,14,24, and 30cm respectively.
C«ncentrati«n ef 2,4-1 (mg/l) 
2 : 2 2 : 2 : :
CO
loSLE!uKL
Figure 4.14 Comparison of removal of 2,4-D by schmutzdecke versus bed depth, 
March 1995.
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change in the concentration of the herbicide. This behaviour imitates the distribution 
of microorganisms in the filter bed and is yet another confirmation of the participation 
of microorganisms for the removal of herbicides.
4.7.4 The effect of maturation
The quality of a biologically filtered water increases as the filter run length continues. 
When a clean sand filter is set up at first it has some physical straining capacity. 
Improvements in physical, chemical and microbial quality of the treated water 
increases with extended use. This is mainly due to the time necessary for the different 
microbial activity to selectively colonise the bed. A filter is said to be mature when 
a stable microbial community is established.
If  the removal of 2,4-D observed is due to microbiological activity, it can be 
theoretically expected that herbicide removing ability of the filter w ill also gradually 
increase from the start of a new filter until the filter matures. To observe this 
phenomenon the biological filter was stopped, the fabric layerings replaced and 
thoroughly cleaned. The sand bed was dug out and was replaced with a new clean 
sand. The dosing of the herbicide was then started with day 1 of the filter run. 
Samples were then taken as usual and analyzed.
Fig 4.15 showed that no removal was observed at the start of the filter run, and that 
effluent water quality with respect to 2,4-D concentration improved progressively. 
Finally at day 20 a complete removal of the herbicide was achieved. This is a strong
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indication that the presence of microorganisms is a very important precondition for the 
removal of 2,4-D. It is important at this point to note that maturation of a biological 
filter depends on a number of factors such as chemical and microbiological 
characteristics of the raw water, the prevalent temperature, and pH of the water. The 
number of days observed for complete removal of the herbicide may not be the same 
if the same experiment is repeated at other times (due to seasonal variation of 
performance) or in other places (due to different raw water quality). What is
fundamentally-imponant is . that thgr£-will aIwa>LS, bs. a-dslay in the start of the 
removal of a herbicide after the filter is set to run.
1 2 3 4 5 6 7
Sampling peints
Figure 4.15 Effect of maturation of the biological filter 1 on the removal of 
2,4-D. March 1995.
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4.7.5 The effect of water quality variations
The presence of an adsorbing or reacting chemical or particle in the water can also 
give false filter performance data. For this purpose water quality was studied in two 
different ways. One was by mixing herbicide, clay and humic matter solutions under 
controlled laboratory situations, and the other was by monitoring basic water quality 
change along with samples taken for herbicide analysis.
4.7.6 The turbidity effect
When herbicides are produced attempts are usually made to make them adsorbable on 
soil so that they do not seep through the soil and pollute ground water. In this research 
herbicides were dosed into the influent water to produce a given herbicide 
concentration in the influent water.
Since most herbicides have adsorption capacities it can be reasoned that some of these 
herbicides will adsorb onto dissolved organic and inorganic colloids. It is understood 
that colloids are generally difficult to remove by biological sand filters, hence so too 
are the adsorbed herbicides. Such adsorption simulates removal and gives incorrect 
removal data.
To control this behaviour two measures were taken. One was simultaneous 
measurement of the turbidity of the water as the herbicide samples were collected. 
This was used to explain any sudden variation in removal behaviour of the herbicide.
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The second was to undertake controlled laboratory adsorption experiments on 
representative clay colloids and humic matter. Thirdly a recovery experiment of the 
herbicide was performed from the river water.
Since there was no sudden variation of removal of 2,4-D the monitoring results during
2,4-D dosing are summed in a statistical form in table 4.6. On the other hand 
recovery of 2,4-D from the Tillingbourne river water is reported in table 4.7. This 
showed that quantitative recovery of the herbicide was possible from the river water 
and that adsorbing and reacting substances are not significantly present in the water. 
This means that removal due to the nature of the water can be assumed to be very 
insignificant.
The second set of experiments was that representative samples of clay colloids 
(inorganic turbidity) and organic colloids (Humic acids), and a mixture of the two 
solutions were prepared. Into these solutions 2,4-D was added at different 
concentrations. The mixture was then gently shaken for a period of 1 hr and 
disappearance of the herbicide solution was measured by the method developed in the 
method development and validation section with high capacity cartridges. Results are 
summarized in table 4.8 and 4.9, and that at low concentration of herbicide and high 
water activity such reaction are very negligible.
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Table 4.6 Water quality change index during 2,4-D dosing.
Parameter Average S.D n Max Min.
Turbidity
(NTU)
6.42 2.14 7 10.3 3.96
Suspended 
solids (mg/l)
6.95 4.46 6 13.3 2
Total 
conforms 
C.U./100 ml
1883 1094 6 3800 1100
Abs.254 nm 0.097 0.08 7 0.192 0.094
Abs. 400 0.006 0.057 7 0.05 0.007
Nitrate
(mg/l)
4.12 0.46 6 4.7 3.9
Phosphate
(mg/l)
1.15 0.24 6 1.6 0.99
Temperature
CC)
9.15 1.53 10 11,5 7.5
Table 4.7. Recovery of 2,4-D from river Tillingbourne water.
Cone, of 2,4-D 
(llg/1)
% recovery
0.1 90
0.5 94
1.0 89
5.0 95
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Table 4.8. Recovery of 2,4-D from clay and humic acid solutions.
Cone, of % recovery of 2,4-D from the following
clay or solutions at 10 (pg/1).
Humi.(ppm)
Kaolin Montmorillonite Humic acid*
50 85.6 83.4 89.2
20 89.4 90.0 88.9
10 92.0 92.0 91.7
5 90.0 90.3 91.3
* solution was 4x diluted before extraction and analysis.
Table 4.9 Recovery of 2,4-D from a mixture of humic acid and montmorillonite.
Cone, of 2,4-D (jIg/1)
Cone, of 
(Mont. + Humi.)
10 20 40
% recovery of 2,4-D
50 ppm + 5 ppm 85.3 89.2 85.6
20 ppm + 10 ppm 88.0 89.0 87.4
10 ppm + 20 ppm 87.7 88.0 89.9
5 ppm + 50 ppm 85.0 88.6 88.0
All solution were 4x diluted before extraction and analysis.
Chapter 4 Results and discussion 189
4.7.7 The effect of 2,4-D removal on microbiological performance
Herbicides are purpose designed biologically potent chemicals. It can therefore be 
reasoned that the presence of these chemicals in the water or the removal of these 
chemicals by the filter microorganisms can affect the ability of the filters to remove 
pathogens.
To observe this removal of total and faecal coliforms was performed simultaneously 
with the study of the removal of 2,4-D. These results were compared with the results 
obtained before 2,4-D was being dosed as well as with the removal obtained with the 
filter which was not being dosed, i.e. biological filter 2. (see fig. 4.16 & 4.17). The 
results clearly show that there was no significant deterioration in microbiological 
performance of the filter (B Fl) while 2,4-D was being dosed. Similarly there was no 
significant difference in performance of the filter being dosed (B Fl) and the control 
filter (BF2).
4.7.8 Identification of biodégradation products
Up to now the study concentrated on the determination of removal mechanisms by 
systematic elimination. It was clear from the investigation of the adsorption both on 
the sand and organic and inorganic dirt that adsorption on these surfaces was not the 
main reason for removal. The maturation experiment indicated that presence of 
microorganisms in the bed is a precondition for the removal of 2,4-D. The depth 
experiment for the removal of 2,4-D showed that removal of 2,4-D occurred in the
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area where there is the largest denâty of microorganisms, this is indirect evidence of 
the participation of microorganisms in the removal of herbicides within the bed. It  was 
also necessary to find a direct confirmation of the participation of microorganisms in 
the removal of the herbicides. The ultimate proof of the biodégradation of 2.4-D by 
microorganisms in the filter bed is the isolation and identification of the 
biodégradation products as predicted by the metabolic pathwavs of the compound.
A comprehensive analysis of the biodégradation pathways of 2,4-D was investigated 
by Evans et al. (1971) see fig, 4.18. It is clear from the figure that 2,4-D biodegrades 
to produce chlorinated phenols and other degradation products. Analysis was 
performed on the C l8 extract for two of the major biodégradation products of 2,4-D: 
2-chlorophenol and 2,4-Dichlorophenol.
For the concentration range of 3-11 p,g/l the presence of 2-chlorophenol in the 
effluent water seemed to vary during the whole period the experiment was performed 
(see table 4.10). For instance there was no detectable 2-chlorophenol in the effluent 
water during the period March 1995. (see sample chromatogram fig. 4.6). This was 
probably because of the complete biodégradation of the metabolite in the lower parts 
of the filter.
But even when there was no detectable concentration of 2-chlorophenol in the effluent 
water the bed sampling technique showed that there was another peak detected at level 
3 i.e. at 9 cm below the surface. Comparison with standards of the possible peaks 
showed that it was 2-chlorophenol (one of the first biodégradation products of 2,4-D
Chapter 4 Results and discussion 191
ÎI
ii!r?I!
■ ÎIs,
II
I
■nI
g
6
8
Chapter 4 Results and discussion 192
IiÎIr  5ilII
II
aI
o
I
Faecal celiferms /1  Mml
CO
i
*T1
?I
#
#m
—t #
s
6
S
Chapter 4 Results and discussion 193
)—Ctt)—COgtt 
01—
2,4>DIchloro-6- 
hydroxyphonoxyocotic ocid
I Cl 2,l*Dlchlorophonol
O—CHj—COjH
2-chlorophenoxyacetxc acid 1
)—CHj—COjH
01
1 \
O H  . O H
01Vx3,6-Dlchlorocat«chol
ay-Dichloromuconio ad d
01
2>Chlon>phcnol
O H
Olx,X%^OH
3 .Chlorocatochol
01
y*CarboxymethyIeno-«-chloro-A*^-but«nolido
ÇO2H
«•Ohloromaleylaoetic add“V
«C'Chloromucoiuc add
">• TJnidontifiad m etabolitos
Figure 4.18 Proposed pathways of 2,4-D degradation. 
Source: Evans et al. 1971.
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see fig.4.19). Calibration curve was prepared in the standard way and the concentration 
of the 2-chlorophenol was determined. The amount of this biodégradation product 
amounted to 30 - 70 percent of the inflowing 2,4-D concentrations at this sampling 
point (see table 4.10). While there was no detectable concentration of 2,4- 
Dichlorophenol detected at this sampling point. These results are a direct confirmation 
of the mechanisms responsible for the removal of the herbicide 2,4-D.
Table 4. 10 Relative concentration of 2-chlorophenol in the biological filter 1 at 
Shalford pilot plant.
Parameter trial 1 trial 2 trial 3 trial 4 trial 5
Conc. of infl. 
2,4-D (^ ig/1)
9.6 6.6 7.79 8.36 3.4
Conc. of 2,4-D at 
level 3. (}ig/l)
6.6 <MDL <MDL <MDL <MDL
relative % conc. 
2-chlorophenol *
33.1 59.5 69.7 63.2 35.0
relative % conc. 
2-chlorophenor*
50.7 28.3 42.3 <MDL <MDL
* conc. of 2-chlorophenol at sampling point 3. * *  conc. of 2-chlorophenol in the effluent water,
experiment was perfoimed during Feb.1995
4.7.9 Fate of degradation products
Since 2-chlorophenol was identified as the main biodégradation product of 2,4-D by
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the biological filters, it was logical to study the fate of the biodégradation product as 
the water filters through the filter bed.
For influent concentration of 3-11 jig/l 2,4-D (during March 1995) analysis of water
samples from effluent sampling point showed that 2-chlorophenol was removed by
■*,
the underlying filter bed (see fig. 4.19), But as the influent concentration of 2,4-D 
increased the biodégradation product 2-chlorophenol started to appear in the effluent 
water. For influent concentrations of 2,4-D amounting to 20 jig/1, 78.2 percent of the 
influent 2,4-D penetrated the filter bed as 2-chlorophenol. Generally it is clear that a 
great reduction in the concentration of 2-chlorophenol is observed from that which 
would be expected if  all the 2,4-D was to be converted to 2-chlorophenol and that for 
low influent concentrations of 2,4-D there was no detectable effluent concentrations 
of 2-chlorophenol.
This penetration of the filter by 2-chlorophenol might appear a practical problem of
2,4-D removal by the biological filters. Because this penetration even at low 
microgram per litre range can impart odour to the treated water. However the presence 
of 2,4-D in surface water is usually lower than the level at which it is possible to 
generate high concentrations of 2-chlorophenol which will be able to penetrate the 
filter bed. 2-chlorophenol can therefore be assumed to be usually removed by the 
underlying filter bed. A practical solution is discussed in section 4.8 (reinforcing the 
biological filter).
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4.7.10 The concept of adaptation and lag period
A common phenomenon reported in the scientific literature is the existence of a lag 
period prior to the commencement of biodégradation where en^grmatic induction or 
derepression or multiplication of organisms able to degrade a particular compound 
takes place.
In this study an attempt was made to observe if  microbial adaptation was a 
prerequisite for removal of the herbicides. To observe if there was a lag period prior 
to the removal of 2,4-D, mature filters which were not exposed to the herbicide, were 
dosed with the herbicide solution and removal was determined in the usual way. 
Repeated results (see table 4.11) showed that removal was instantaneous and it 
occurred without the precondition of adaptation of the organisms to the herbicide.
Table 4.11 Determination of the concept of adaptation of microorganisms for the 
removal of 2,4-D by unadapted biological filter 2.
Dates BF2 was Influent conc. of % removal of 2,4-D
dosed with 2,4-D 2,4-D (pg/1)
22/3/95 5,7 100.0
12/10/95 6.1 100.0
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4.8 Reinforcing the biological filter
The study of the filters ability in removing herbicides showed that biological filters 
are very effective in removing certain classes of herbicides such as the chlorophenoxy 
acids. It was also observed that these filters were not effective in removing herbicides 
such as the s-triazine atrazine and the bipyridinium paraquat.
It was therefore necessary to consider how to remedy this situation and improve the 
effluent water quality of biological filters with respect to herbicides. Different 
alternatives exist such as the use of ozone, the use of radiation, or membrane filtration 
before or after the biological treatment system. But all of these are either expensive 
technologies and /  or needs trained personnel to run and maintain. Besides each of 
these treatment systems are hardly enough to meet some of the tight standards for 
pesticides such as the EC directive (80/778 EEC) with a 0.1 ng/1 for individual 
pesticides and a 0.5 p.g/1 for total pesticides. One possible very effective, relatively 
less expensive and fairly safe treatment option is the use of granular activated carbon 
with biological filters.
The ability of granular activated carbon for adsorbing the selected herbicides was 
investigated in laboratory studies. The laboratory adsorption studies included a batch 
operation in which the adsorbent was shaken together with the solution of the 
herbicide for a varying length of time. Batch adsorption studies were selected because 
they have the advantage of being free from complex hydraulic parameters intrinsic to 
flow through systems. They are also adaptable to small volume work.
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4,8.1 Laboratory adsorption studies
Adsorption of each of the studied herbicides was performed by mixing a 0.1 g of the 
granular activated carbon (1.12 mm /  0.6 mm) with different 250 ppb of the herbicide 
solutions. The mixtures were shaken for a period of 5 min to 8 hr. The solutions were 
then filtered through a glass fiber filter (0.7 [Xm pore size). The filtered solutions were 
then analyzed by the methods developed in the method development section. The rate 
of the different adsorption reactions are plotted against time (see fig.4.20). It is clear 
from the curves that GAC has adsorption capacity for the studied herbicides.
3 ft
f  25# 
8 2 if
1  15#
##
s
## 2## 3## 4## 5##
Time (min.)
-«-Atrazine -▼•2,4-1 -♦-MCrA -«-Paraquat
Figure 4.20 Rate of adsorption of the studied herbicide with F -400.
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One of the limitations of batch adsorption studies is that in full scale treatment plants 
mostly the carbon is used as a fixed bed through which the water to be treated passes. 
This situation means that the carbon in the filter bed is exposed, assuming a steady 
presence of the herbicide, to a constantly 'high' concentration of the adsorbate. In batch 
studies however as the carbon adsorbs some of the herbicides from the solution the 
concentration of the herbicide in the solution decreases. The carbon is therefore 
exposed to constantly diminishing concentration of the herbicide. For this purpose it 
was also necessary to undergo a second set of experiments.
The second set of experiments was a column arrangement in which the herbicide 
solution was percolated through a bed of the adsorbent. Samples were taken 
periodically from the influent and effluent sampling points as described in the 
experimental section ( see section 2.3.2). This type of study was used to select 
optimum contact time.
For the purpose of contact time determination three contact times 20,15 and 10 min 
were compared by running the three filters at a flow rate of 0.89,1.24, and 1.80 m/hr 
respectively. Initially the herbicide solution was dosed at a concentration of 5 p.g/1 
prepared in distilled water but later in the experiment after working week 15 the 
herbicide solution was prepared in tap water. At the 18“* working week, the 22"** week 
in the Fig.4,21 (this is because of the 4 week discontinuation of the experiment) higher 
concentrations of atrazine were dosed periodically for a period of one week. This was 
to simulate accidental pollution. Sampling was performed at the end of the week just 
before changing the solution to the lower concentration of 5 jXg/1. At working week
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33 it was realized that the breakthrough was going to take longer than could be 
afforded in time terms. To facilitate break through the solutions concentration was 
permanently increased to a concentration of 1 }Xg/ml (see fig. 4.21).
The three contact times produced different amounts of treated water (see fig. 4.22). At 
the end of the dosing period: column 1, with contact time = 20 min, column 2, with 
contact time = 15 min, and column 3, with contact time = 10 min, have produced 
21.614 X lO^BV, 28.972, x lO^BV , and 43.229 x lO^BV Bed Volumes (BY) of water 
respectively, 1 BY = 94.25 ml (see fig, 4.22). Following the use of tap water the 
growth of algae was initiated in all the glass columns. This was later stopped by 
covering the glass with an opaque covering.
Comparison of the three contact times shows that column 1 and column 2 with contact 
times of 15 and 20 min showed no significant breakthrough upto the end of the 
experiment. By the end of the 43 working weeks column 3 showed a clear 
breakthrough (see fig. 4.21). It was also observed that at the end of the experiment 
column 3 had accumulated a large amount of particulates, of the kind produced by a 
hard water, by comparison with the other two columns. It was not clear whether this 
contributed to the faster break through observed in column 3.
4.8.2 Possible modifications
It was then clear that running GAC with 10 min contact time gave an early 
breakthrough by comparison with 15 and 20 min contact times. The next question
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Figure 4.21 Comparison of three different contact times for the removal of 
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to be answered was how to use it with the biological filters. The different options 
available included the use of the GAC before, after or within the biological filter.
In the first case there is the advantage of protecting the biological filters from 
accidental poisoning by toxic chemicals which may be present in the water. But the 
main disadvantage is that a lot of biodegradable TOC will also be removed. This is 
shown by Richard et al. (1991) to reduce the life time of the GAC.
In the second case the advantage of protecting the sand filters from poisoning by toxic 
pollution is lost, but the life time of GAC is increased. This happens because of the 
removal of biodegradable organic carbon by the biological filter resulting in a reduced 
organic loading on the GAC. It could however be argued that the GAC will have a 
reduced biological regeneration due to minimal biological activity. Hence the 
advantage gained by reducing the TOC loading is lost by reduced regeneration of the 
GAC,
The third option is that of using the GAC within the sand bed of the biological filters 
as in a sand /  GAC /  sand arrangement. This arrangement presents an optimum 
situation whereby the organic carbon loading on the GAC is reduced without a major 
loss in biological regeneration.
4.8.2.1 The sandwich arrangement
To compare the performances of activated carbon as a rapid filter with a sandwich
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carbon arrangement. The following experiment was designed. Two biological filters 
with 1 m sand depth and 1 rapid filter carbon contactor with a GAC of size given in 
page 80, table 2.1. was placed in a sandwich arrangement. The detailed description of 
the filters is given in section 2.3.2. For the purpose of comparing the placing of GAC 
within the filter bed one sandwich filter had the GAC placed at a depth of 10 cm from 
the surface and the other had the GAC placed at 80 cm depth from the surface. The 
similarity of the three filters is that the water spends the same average time (Ca. 15 
min ) in contact with granular activated carbon.
The three filters were then run for a period of 12 weeks. During these weeks of 
operation atrazine was dosed into both sand /  GAC /  sand and GAC rapid filter at a 
concentration of Ca. 5 pg/1. The GAC filter had a water flow rate of 5.2 m/hr ±  5% 
while the sandwich filters had a flow rate of 0.15 m/h ±  10%. At the end of this 
period the GAC filter treated a total amount of water equal to 185.28 x 10^  litres of 
water. On the other hand the two sandwich filters treated 5.226 x 10^  litres of water 
(see fig. 4.23). During this period each column treated a total of Ca. 8.0662 x 10^  BVs 
of water (see fig.4.23). Analysis of the effluent water showed that all the columns 
gave a water of consistently less than 0.1 pg/1 for the period studied (see fig. 4.24).
Notice from the fig.4.23 that at any time all the three columns treated the same 
number of bed volumes of water. During the 12 weeks of operation a significant 
advantage of the sandwich filter was that it needed no cleaning, while the GAC rapid 
filter needed four cleaning operations (in a form of washing). It must however be 
remembered that the GAC column treated 35.42 times the amount of water treated
Chapter 4 Results and discussion 205
g
For GAC oobnmi
1 Bed VoZome (BV) -  22972.89cq)3 
fioir -  5J2m./hS --
8 “ ■
€ 1# 142 4 12
Numlief #f weeks inte run 
Figure 4.23 Bed volumes of water treated by each of the sandwich and GAC 
columns.
For'ootana* 1 "«a 2(mndwWiehmO
ÎBV-64834Ôm3,
f  loir -  0.150^ ^
4 - {Q^ oç^ smi^  _ _ _
1 Bod Volmne ^  -  22972.^003 
- flow “-5J2m/h _ _  ---------   -
I 11 I 111 I 1111 11IJfi' II i1|f r i'T"i1|Ji I I iljlri'i lip I I I i4 I'll <4 • ' ' '4^ ' ' I 1^1 I 1 i4* * ' • 1 ' ' '
•  1 2 3 4 5 8 7 t  $ 1# 11 12 13 14
Number#! weeks InW run
■C#lumn1 rk-Celumn 2 ■★-Celumn 3 H-Influent
Figure 4.24 Comparison of removal of atrazine by two sandwich GAC filter 
with a rapid GAC filter.
Chapter 4 Results and discussion 206
by the sandwich filters. Another significant difference in the quality of the treated 
water was that water from the sandwich filters contained compounds, as evidenced by 
'new' peaks appearing in the treated water, which were not present in the influent 
water. This situation was not significantly observed in the GAG rapid filter (see 
fig.4.25).
A possible explanation was that the sandwich filters, because of the slow flow rate of 
water through them could support a significant microbial population which could 
participate in a biodégradation of compounds adsorbed on the GAG. It is not however 
clear whether the degradation products were a biodégradation product of atrazine or 
other compounds which were present in the influent water. Confirmation of 
biodégradation products and their toxicological implications are left for a future study.
Another possible explanation for the presence of these 'new' peaks could be due to 
very slow carbon catalysed reactions, such as hydrolysis, of atrazine or other 
compounds present in the raw water. This explanation is however less likely because 
the extent of these 'new' peaks was more in the sandwich filter which has the carbon 
at 10 cm depth from the surface compared to the sandwich filter which has the carbon 
at 80 cm from the surface. This indicates a possible significance of the presence of 
microorganisms in the generation of the compounds. Indeed sandwich filter 1 would 
have more microorganisms colonizing the carbon bed compared to the sandwich filter 
2 which has the carbon at a depth of 80 cm. Therefore this can be reasonably assumed 
as evidence for biological regeneration of carbon by microorganisms.
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If  this is biological regeneration of the activated carbon then it makes the use of 
activated carbon in a sandwich arrangement more economical compared to its use as 
a rapid filter. However it still leaves the question of generation of possible 
metabolites unanswered. One possible remedy is the use of a double GAC sandwich 
in the form of sand /  GAC /  sand /  GAC /  sand arrangement. Where the first layer 
removes herbicides and other organics which penetrated the biological filters and the 
second is available for removing the biodégradation products.
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C H A P T E R  5 G E N E R A L  D IS C U S S IO N
5.1 General
Herbicides are one of the toxic chemicals deliberately introduced into the environment 
in large quantities. As a result of this they are greatly responsible for a major problem 
of water pollution. Increased awareness of the public matched by tight standards and 
guideline values have led to the evaluation of water treatment processes for the 
removal of these chemicals.
Chapter 1 contains an extensive review of the ability of different physicochemical 
treatment systems to remove herbicides. Chlorination is one of the earlier treatment 
processes for the disinfection of water from pathogens, though never intended as a 
treatment system for the removal of herbicides from water its effect on herbicides has
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been investigated by various authors. Investigation of this treatment process for the 
removal of herbicides has shown that chlorine (in its various forms as a disinfectant) 
has an intrinsic oxidizing nature. Hence it oxidizes a number of these chemicals and 
converts them to a mixture of more or less toxic chemicals. Some herbicides such as 
metribuzine have been reported to be removed up to 98 % by chlorination (Miltner et 
al.l989). Although only a through investigation will show that these chemicals are 
only converted to other forms by oxidation of their dithio, thiol/ thiono and 
phosphonate moieties.
Other treatment processes such as coagulation have been used in different parts of the 
world for water purification. Investigation of this treatment system for removing 
herbicides has shown that it is generally not efficient, the only pesticide reported to 
be removed up to 99 per cent is the organochlorine pesticide DDT. The mechanism 
is generally thought to be hydrophobic partitioning due to the very low solubility of 
the compound.
One of the treatment systems developed for the removal of toxic chemicals is 
ozonation, ozone has an oxidation potential of 2.07 V  which is about 1.52 times 
higher than that of chlorine and is capable of oxidizing different types of bonds, such 
as carbon - carbon double and triple bonds, carbon - nitrogen single and double bonds, 
carbon - metal bonds, amines, sulfides, sulfoxides, phosphite, and phosphines. As with 
chlorination one problem is the presence of the potentially large range of oxidation 
products. Today data is not available on the oxidation products of a number of 
herbicides by both chlorine and ozone under different conditions, more research is
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required in this area.
It is a necessary condition for an oxidative treatment ^stem to mineralize the parent 
compound or at least produce harmless conversion products. The use of ozone or 
chlorine does not guarantee this condition and must always be accompanied by other 
treatment systems. One other main concern is that water containing bromide when 
treated with ozone produces the potent carcinogen and a suspect mutagen the bromate 
ion.
Another physical treatment system capable of removing a large group of herbicides 
is activated carbon. It is used as powder with coagulation works and in granular form 
as contactors. The main problem of using activated carbon is the difficulty of 
anticipating when the carbon will be deactivated, what type of flow rate and contact 
time is the most effective for removing the herbicide. This has to be investigated for 
each herbicide. This means that there is no single formula for the use of carbon for 
different herbicide problems and in different water quality situations. Therefore each 
case has to be studied separately.
One promising physical treatment system is membrane filtration, though not much 
used for municipal water treatment processes. One of the great advantages of the 
treatment system is that no chemical or ionizing radiation is added for the purpose of 
purification of the water. It tan also be easily automated. On the other hand the 
problems associated with this treatment system are its cost, generation of highly 
concentrated toxic waste and problems associated with the filtration material.
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While some of these treatment processes are very effective in removing herbicides 
very little attention has been given to microbiological removal of herbicides. 
Microbiological removal of herbicides is probably the main currently available tool for 
removal of these chemicals from the soil environment. Microbiological removal of 
herbicides also plays a major role in removing herbicides from water bodies. The 
objective of this research includes the determination of removal and mechanisms of 
removal of herbicides by biological filters.
This study of removal of herbicides by biological filters at low microgram quantities 
level requires sensitive extraction and quantification techniques. This research started 
with development and validation of analytical ^stems for the extraction, separation 
and quantification of the herbicides studied.
5.2 Method development
A solid phase extraction method was successfully developed for the extraction of 
atrazine and paraquat. The developed methods were thoroughly validated with respect 
to different variations of conditions. A solid phase extraction method developed by 
earlier analysts (Wells et al. (1987), Hernandez et al.(1993). Bogus et al. (1990) and 
Loconto (1991)) was validated and successfully applied for the analysis of the 
chlorophenoxy acid herbicides.
A reversed phase extraction method using C l8 was developed for the extraction of 
atrazine. Quantitative sorption of the compound was obtained from both distilled and
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river Tillingbourne water. Conditioning solvents and elution solvents were optimized 
to maximize sorption and reduce interference. Validation of the extraction of the 
compound with respect to different variations of conditions such as concentration of 
analyte, volume of water sample and pH of the water sample proved the reliability of 
the method.
Following a radical change in the turbidity of the raw water to about 300 NTU it was 
noted that the reversed phase extraction of the compound does not suffice to produce 
selective extraction of the compound. The above method was then modified to cope 
with such great variations of turbidity. Atrazine has a pKa of 1.68 and the compound 
can be made to carry a positive charge by lowering the pH of the medium to below 
the pKa, Once the compound carried the positive charge, ion exchange extractions was 
performed on an SC^ cartridge. This allowed the selective extraction of the 
compound. Elution of the compound from the SCX cartridge was performed by KCl 
saturated 30% MeOH. The extract was then diluted and the solvent exchange was 
made on a C18 cartridge. This was found to give a clean atrazine extract even from 
a high organic interference matrix. But this step was not found necessary unless the 
unspiked raw water analysis showed a background interference.
Battista et al. (1988) has developed a method of extracting atrazine from soil. The 
method used solvent extraction of atrazine from soil followed by salt formation on 
SCX. This method was modified for the extraction of atrazine from schmutzdecke. A 
cleaner extract with additional sensitivity gain was obtained by adding a solvent 
exchange step on a C18 cartridge following the salt formation on SCX.
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Earlier methods developed for the extraction of 2,4-D and MCPA were rigorously 
validated with different variations of conditions. A simplified clean up and extraction 
of these compounds from soil was reported by Loconto (1991). The method used 
aqueous extraction of the compounds with 1% NaOH followed by the solid phase 
extraction on CIS. This method was used for the extraction of 2,4-D and MCPA from 
schmutzdecke.
One of the most difficult herbicides to analyze is the bipyridinium paraquat. Different 
extraction and chromatographic methods have been developed in the past for the 
analysis of the herbicide. A detailed review of the previous methods is presented in 
section 3.5. The most popular method is the use of ion pairing extraction. Evaluation 
of this method was performed for the analysis of the compound. It was shown that 
these methods have a variable absolute recovery, the recovery was found to change 
for different concentration samples, extraction was found to depend on the amount of 
the critical conditioning solvent and the weight of the cartridge used.
Screening of the different sorbents available showed that CN cartridge gave a good 
retention of the compound. Conditioning and washing solvent was selected based on 
the chemistry of interaction of the compound with the sorbent. The method was then 
validated with respect to different variations of conditions. This method has the 
advantage of complete retention or high absolute recovery compared to the previous 
methods which have usually a recovery of 50% or less. The conditioning solvent used 
in this method was not a critical solvent as opposed to ion pair extractions which are 
dependent on the amount of conditioning solvent. A very aggressive washing can be
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performed with MeOH without loss of recovery, this produced a very clean extract. 
In this method the neutralization of extract by ammonium hydroxide before 
evaporation is a necessary step for accurate quantification. The extract must always 
be reconstituted with the mobile phase after evaporation.
For the extraction of paraquat from schmutzdecke the dried powdered schmutzdecke 
sample was digested with concentrated sulphuric acid. Once the adsorbed paraquat was 
released the solution was quickly filtered and the filtrate was neutralized. Following 
this dilution of the filtrate was necessary to reduce the ionic strength of the sample 
before CN extraction was performed. In this case breakthrough was analyzed as an 
additional safety factor.
5,3 Removal study
This work investigated the ability of the biological sand filter treatment system with 
a gravel prefilter pretreatment system for removal of herbicides. An attempt was made 
to answer questions such as, what kind of herbicides are removed? What is the effect 
of change in process variables on the removal of herbicides? What is the effect of 
water quality change on removal? What is the effect of change in environmental 
factors such as temperature on removal? Mechanisms of removal were established and 
a basic theory of removal of herbicides by biological filters was formulated.
Statistical analysis of the data showed that out of the four selected herbicides, which 
belong to three broad chemical categories, the chlororphenoxy acid herbicides, 2,4-D,
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and MCPA, were removed effectively whereas the triazine herbicide atrazine and the 
bipyridinium herbicide paraquat penetrated the filters largely unaffected.
It was reasoned that a number of factors such as the ease of biodégradation of the 
chlorophenoxy acid compounds, their relative high solubility and low toxicity to 
microorganisms was responsible for their removal by the biological filters. On the 
other hand a distinctive characteristic of the herbicides which were not removed by 
the filters was their resistance to biodégradation and relative high toxicity. This is 
extensively discussed in chapter 1.
Once it was shown that 2,4-D and MCPA were removed, it was then necessary to 
identify the mechanisms responsible for the removal of these herbicides. It can, for 
instance, be argued that the removal of the herbicides might have been due to 
processes in the water rather than in the filter bed. A direct measurement of recovery 
of the herbicide from the raw water was a good indication of the fact that it is not the 
processes in the water which was responsible for removal of herbicides but the 
processes in the filter bed. But this distinction might not be as easily ascertained as 
might be supposed. This is because water quality somehow controls the biological 
activity in the filter bed. For instance the passage of distilled water through sand does 
not initiate processes in the bed hence no herbicide removal. A low nutrient containing 
raw water means that small number of microorganisms colonise the filter bed and 
reduced total capacity for removal of herbicides. But even then it is not a question of 
which processes are responsible for removal of the herbicides but a question of which 
process depends on which processes.
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For the purpose of explaining sudden variations of performance continuous monitoring 
of selected water quality parameters such as turbidity, suspended solids, availability 
of alternate nutrient (measured as absorbance at 254 nm and 400 nm) was performed. 
For variations of these parameters reported in table 4.6 there was no corresponding 
change in the filter performance for the removal of 2,4-D. Individual water quality 
parameters such as effect of presence of organic and inorganic colloids and a mixture 
of them at different concentration was made in a laboratory study. The result was that 
at microgram per litre level concentration of herbicides and colloids at up to 50 mg/1 
no significant change in the concentration of 2,4-D was demonstrated. This was 
probably because of the higher solubilities of these compounds and the high water 
activity of the medium.
Observation of the behaviour of the filters for the removal of 2,4-D through 1995 
showed that the removal efficiency of the filters was not the same throughout the year 
during the summer period the filter was found not to remove 2,4-D. This was probably 
due to a combination of changes in environmental factors such as temperature, 
associated water quality changes such as concentration of nutrients and presence or 
absence of alternate nutrients. Although there was no direct evidence it can be 
assumed that these changes will bring about a change in the overall state of the filter.
To determine the mechanisms of removal the different possibilities were investigated 
separately and systematically eliminated. The different possibilities which can explain 
the removal of 2,4-D and MCPA are a physico-chemical means or through biological 
sorption and accumulation or sorption and biodégradation.
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To establish the mechanisms of removal adsorption experiments were performed to 
evaluate adsorption on sand, organic and inorganic deposits. It was clear from this 
study of adsorption on sand and organic dirt that adsorption was not the main reason 
for removal of the herbicides. The maturation experiment showed the presence of 
microorganisms were a precondition for the removal of 2,4-D. The depth experiment 
showed that removal of 2,4-D occurred in the area where there is the largest density 
of microorganisms. This was another indirect indication of the significance of 
microorganisms in the removal of 2,4-D. Direct evidence of the biodégradation of 2,4- 
D was the identification of one of the known biodégradation products of 2,4-D, 2- 
chlorophenol.
Following the above line of reasoning, it is clear that the chlorophenoxy acids must 
have been removed through biological sorption followed by rapid biodégradation. 
Investigation of the toxicological implications of removal on the filters showed that 
it has no effect on either physical or microbiological performance of the ^stem for 
the concentration level studied.
It was then well understood that not all herbicides could be removed by biological 
filters. Design modification were then required. GAC in a sandwich arrangement was 
selected. GAC is selected because of it efficiency for adsorption of a wide classes of 
chemicals, its relative safety, and cost. The advantages of this technique that figured 
significantly in its selection is that it provides an enormous surface area for adsorption 
as well as microbial colonization and biological regeneration. This increases the 
efficiency of overall performance and reduces the cost of treatment.
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The GAC can either be placed before the filter, in the form of a GAC sandwich, or 
after the biological filter. The first option was not selected because the GAC will be 
exposed to a high organic matter loading with the consequence of reducing the life 
time of the GAC. The third position was not selected because, while it has the 
advantage of reducing organic load on the GAC it will not provide, at least 
theoretically, efficient biological regeneration of the GAC. This is because of reduced 
microbial activity at the bottom of the filter. The sandwich arrangement has the 
advantage in that the large organic loading is reduced by microbial sorption and 
degradation on the top part of the filter. This means that only compounds which 
cannot be removed by the biological filter will be removed by the GAC and hence a 
longer life for the GAC. Because of the closeness of the sandwich GAC to the top part 
of the filter there will be a degree of microbial activity for the purpose of biological 
regeneration of the GAC. It is also important that when the time comes to replace the 
GAC it is not necessary to dig a rather large depth of sand.
Experiments were performed with a sandwich GAC with two GAC positions, one 10 
cm from the surface and the second having the GAC at 80 cm depth. A third rapid 
filter GAC was run with similar contact time with respect to the time the water spends 
within the GAC. The three filters were compared for the removal of atrazine. It was 
noted that for up to 8.0662 x 10^  bed volume of water treated all the three filters 
removed atrazine to below 0.1 p.g/1 for an influent atrazine concentration of Ca, 5|rg/l. 
The main difference was between the quality of the raw water and the treated water. 
The two sandwich columns effluent water analysis showed compounds which were not 
present in the raw water. This situation was not significantly observed in the GAC
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rapid filter. This was probably due to metabolites produced as a result of 
microbiological activity on the activated carbon in the sandwich filters. The frequent 
washing and rapid water flow does not produce similar microbiological activity in the 
rapid GAC filter. This reasoning was reinforced by the fact that the extent of these 
compounds in the effluent water was more in the filter with GAC at 10 cm depth 
compared to the filter with GAC at 80 cm depth.
The above situation means that the sandwich arrangement solved the problem of 
removal of non biodegradable compounds as well as metabolites from the top layer. 
This solution has also presented another problem of metabolite generation on the 
GAC. It was suggested that the latter problem could be overcome by placing a double 
GAC sandwich arrangement in the form of sand /  GAC /  sand /  GAC /  sand. The top 
GAC layer continues to do the same job while any metabolite generated on the top 
GAC will be adsorbed by a fresh layer of GAC with minimal microbiological activity 
on it.
5.4 Theory of herbicides removal by biological filters
5.4.1 General
Using the body of existing knowledge and based on observations made in this study 
a theory is developed. The theory is able to explain mechanisms of removal of 
herbicides by biological filters. It will also be able to explain how different factors 
such as environmental, water quality, and filter conditions affect the removal of
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herbicides by the biological filters. The theory will also be able to give a qualitative 
prediction of removal of certain herbicides.
In discussing the theoretical aspects no claim is made for a complete citation of 
literature although every attempt is made to include the more relevant information. 
A number of the facts discussed on microorganisms in this section include an 
extrapolation of observations in solution culture and soil environments. However, the 
information is treated as a valuable qualitative indicator in showing the ability of 
microorganisms to alter foreign organic compounds.
In discussing the biodégradation of herbicides the listing of the numerous microbial 
forms residing in biological filters and capable of degrading or assimilating herbicides 
has not been attempted. Microorganisms possessing the capability are legion, new 
members of the group are continuously being found and such a list would never be 
complete.
5.4.2 Physical factors
Several factors may influence the removal of herbicides by biological filters. The main 
physical factors contributing to the removal of herbicides by biological filters are; 
adsorption and accumulation. Mechanisms of adsorption and accumulation are 
discussed separately in the following sections.
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5.4.2.1 Adsorption
The different adsorption phenomena in the filters can emanate from adsorption on 
sand, adsorption on silt and organic dirt. Organic matter and clay are the two filter 
constituents which can be implicated in herbicide adsorption. However individual 
effects are not as easily ascertained as might be supposed for the reason that in the 
filter bed organic matter is intimately bound to the clay probably as a clay - metal - 
organic complex. On the other hand adsorption experiments performed on sand (see 
section 4.3.1) showed that sand has no adsorption capacity for the three different 
classes of herbicides studied. This is in accordance with the inert nature of sand.
Some of the total removal of herbicides by a sand filter can be explained by 
adsorption on silt and organic matter. Indeed these adsorptions can affect other 
phenomena such as bioactivity, biodegradability and volatility. Three major factors 
determine the extent to which herbicides are adsorbed by silt and organic matter in the 
filter bed:
1) physico-chemical characteristics of the herbicide.
2) medium characteristics and
3) physico-chemical characteristics of the silt and organic dirt.
The physical and chemical nature of herbicides are nearly always known. The effect 
of medium characteristics on adsorption are determined by the physicochemical nature 
of the herbicide. For any given set of medium characteristics there is a fixed 
corresponding value of adsorption. Hence, the main limitation in understanding the
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role and function of silt and organic matter in herbicides adsorption is item (3). In this 
study the herbicides with the large number of interaction cites, atrazine and paraquat, 
were found adsorbed on the accumulated matter amounting to 0.12 and 0.25 pg 
respectively per 1 gram of the dried schmutzdecke.
5.4.2.2 Adsorption mechanisms of herbicides.
Bonding mechanisms for the retention of herbicides by silt and organic matter in the 
filter bed include ion-exchange, H-bonding, van der Waal's forces, and coordination 
through an attached metal ion (ligand exchange). In addition non - polar molecules 
may be partitioned onto hydrophobic surfaces through hydrophobic bonding. The 
greater the number of these interactions which are possible for a molecule the more 
likely it is to be retained by adsorption in the filter.
1) ion -exchange and protonation
To visualize the mechanisms of adsorption by ion exchange and protonation, let us 
assume a negatively charged surface (site) in the silt - organic complex, this negative 
site is balanced by a hydronium ion. When an organic cation (or a protonated organic 
molecule) is added to the influent water an ion exchange reaction occurs. As a result 
some of the hydronium ion on the negative site of the silt - organic complex will be 
replaced by the organic cation. Adsorption resulting from such types of reactions are 
said to proceed through ion exchange mechanisms. For such types of adsorption to 
occur significantly the pH of the medium must be less than the pKa of the compound. 
This is because the species which exists under these circumstances is the positively 
charged species compared to the neutral species. Because most clay and organic
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colloids are negatively charged adsorption of herbicide by this mechanism is largely 
restricted to those types which exist as cation (eg. paraquat), or which can become 
positively charged through protonation (eg. atrazine). Paraquat having double positive 
charge has the potential of reacting with more than one negatively charged site. Anion 
exchange may be possible in some cases through interaction of anionic herbicides to 
positively charged spots on clay and organic surfaces.
2) Hydrogen bonding
Hydrogen bonding is a result of polarization of covalent bonds. Hydrogen does not 
posses inner electrons isolating its nucleus from the bonding electrons. In bonds of 
hydrogen with highly electronegative atom the proton is exposed at the outer end of 
the covalent bond. This relatively bare proton can now attract another electron rich 
centre, especially hetro atoms with non bonded electrons, and form what is known as 
the hydrogen bond. Hydrogen bonding is one of the mechanisms for the sorption of 
the s-triazine herbicide atrazine on clay and organic matter.
3) van der Waal forces
This type of electrostatic interaction between atoms and molecules arises from the 
fluctuations in their electronic distribution as the electrons circulate in their orbitals. 
These fluctuations produce instantaneous dipoles which amount to zero over fairly 
long times on a molecular scale. Over short molecular times , however , the dipoles 
produced bring about attractions between atoms and molecules at distances upto the 
van der Waals radii and cause repulsion at shorter distances.
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A ll molecules are involved in molecular interaction of this type, generally the energies 
involved with these type of interactions are very weak and the interactions become 
very important when there is a non -polar molecule in an aqueous solution interfacing 
a liquid or solid non polar medium. The importance of this type of interaction also 
increases when it is reinforced by other forms of interactions such as hydrogen- 
bonding, and hydrophobic bonding.
4) Coordination (Ligand exchange)
Adsorption by ligand exchange process involves replacement of one or more ligands 
by the adsorbate molecule. In order to have this process take place it is necessary that 
the adsorbate molecule be a stronger chelating agent than the replaced ligand.
This type of interaction can take place between herbicides such as the s- triazines with 
the residual transition metal ions of humic acids and clay. Atrazine and paraquat are 
examples of herbicides which undergo ligand exchange interaction.
5) Hydrophobic bonding
Partitioning on to hydrophobic surfaces is one of the mechanisms for retention of non 
polar organic compounds by organic matter. Essentially hydrophobic bonding ( 
adsorption ) results from a weak solute - solvent interaction, that is , the low solubility 
or hydrophobic nature of the solute.
Adsorption by this means can be referred to as the 'squeezing - out' of the molecule 
from solution and its accumulation on the solid interphase where competition with the
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solvent is minimum. Hydrophobic adsorption increases as the water solubility 
decreases.
6) Charge transfer
The formation of a donor acceptor complex between an electron donor molecule and 
an electron acceptor molecule involves partial overlap of their respective molecular 
orbitals and a partial exchange of electron density.
This type of interaction is usually strong and occurs between compounds containing 
electron donating structures such as pi-bonds or lone pair of electrons. Paraquat is an 
example of a herbicide which undergo adsorption by this mechanism. Charge transfer 
reactions are well studied and the interested reader is referred to textbooks in organic 
chemistry and biochemistry.
Generally it must be remembered that though herbicides can be retained by adsorption 
processes by one or all of the above mechanisms these adsorption capacities are 
usually small and can be insignificant on their own. Their significance is mainly in 
increasing temporary sinks for some of these molecules which would have flowed past 
the filter were they not adsorbed. The adsorbed species would be made available for 
biological degradation by the slowly consuming microorganisms at a later time. This 
makes the surface free for adsorption once again and the process continues.
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5.4.3 Microbiological factors
Another major contribution to herbicide removal by biological filters arises from the 
large number and variety of microorganisms residing in the biological filter beds. 
Although the process is not yet fully understood, it is well established that microbes 
remove herbicides from different environments (Perkins & Lurguin (1988), Duxbury 
et al, (1970), Roan & Ware (1970)). Microbial removal of herbicides could be 
accomplished by sorption and accumulation in microbial cells and /  or biodégradation. 
A detailed analysis of the factors that affect these processes in the filter beds are 
presented in the following sections.
5.4.3.1 Accumulation
Accumulation is generally defined as the transfer of a herbicide from the environment 
into an organism. Bioconcentration has been used in some texts to express the same 
concept. Generally the extent of accumulation of herbicides in microorganisms is 
inversely related to their water solubilities. The different factors that affect 
accumulation in the filter bed are discussed in the following sections.
1) solubility of the herbicide
The solubility of a compound plays an important role in determining the removal of 
the herbicide and the mode of removal of the herbicide in biological filter. Keeping 
other factors the same a herbicide can be removed by the biological filters because it 
has low solubility and a herbicide can also be removed because it has high solubility, 
but the mode of removal is likely to be passive sorption and accumulation in the
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former case while it is likely to be active sorption followed by degradation in the latter 
case.
i) low solubility herbicide
If  a herbicide has very low solubility in water the partitioning effect plays the most 
important effect in removing the herbicide. This process of removal involves the same 
principle as extraction of an organic solute from water using an organic solvent. The 
lipid layer of cells is considered as an organic solvent and the pesticide as an organic 
solute in aqueous medium. This consideration neglects the active participation of the 
microorganisms in the sorption and accumulation process. Indeed in various studies 
it was found out that not only live microorganisms but autoclaved cells showed a 
similar uptake. Indicating that a metabolic factor is not involved. Such capacities are 
usually small and are saturated in a short period of time. If  the bioavailability of the 
compound is not significantly affected by its sorption then such sorption and 
accumulation can be expected to increase the removal of a low solubility herbicide. 
In the biological filter situations for such herbicides, if the rate of diffusion of the 
compound to microorganisms exceeds the rate of accumulation the herbicide will 
penetrate the treatment system.
ii) high solubility herbicide
If  a herbicide is very soluble its affinity for a water medium is greater than a lipid 
medium (microorganism or indeed any non polar deposit) the herbicide will have low 
accumulation by microorganisms. If  such a property is linked with low substrate 
characteristics and low bacterial membrane permeability then the overall effect is that
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the compound will not be removed by microbiological means in the biological filter.
On the other hand high solubility increases the mobility of the compound in the water 
and diffusion in the water medium to the microorganisms is made easier. I f  this is 
accompanied by good substrate characteristics and high bacterial membrane 
permeability then the overall effect is that the compound will be removed by 
microbiological mechanisms. For efficient removal of a herbicide the high solubility 
of the herbicide with good substrate characteristics and high bacterial membrane 
permeability along with fast or instantaneous biodégradation rates can be expected to 
give the best removal result.
2) pH and temperature
In their review both Baughman & Paris (1981) and Lai (1982-1985) have reported 
very small variations in accumulation of pesticides by microorganism as a result of pH 
variations. If  hydrophobic forces are the driving force for accumulation, pH would not 
be expected to have an effect on accumulation. However, if in the pH range of interest 
the herbicide undergoes dissociation or protonation, then this alters the hydrophobic 
properties and might be expected to affect accumulation. Another case of pH influence 
is that when the accumulation of a herbicide into an organism is an active process 
where the process is mediated through the involvement of enzymes and some other 
reactions the effect would be expected to be complicated, however there is no 
available data to support this reasoning.
There is not much reported on the effect of temperature on the accumulation of
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herbicides on microorganisms. However if  accumulation is a passive process governed 
by hydrophobic forces the increase or decrease of temperature might affect the rate 
of the process but would not be expected to have significant effect on the overall 
accumulation. The effect of temperature on removal of herbicides by biological filters 
is discussed in section 4.3.
3) Effect of cell number
Generally the larger the number of microorganisms in the bed the larger the removal 
of herbicides by microbiological means. For biological filters the number of 
microorganisms colonizing and reproducing increases as a biological filter continues 
to run. This number of microorganisms approaches a constant maximum value, which 
is determined by the average concentration of nutrients in the raw water. The 
maximum capacity of a biological filter, for given performance variables and 
experimental conditions, is limited by this maximum number of microorganisms.
In practice a mature filter can be assumed to have reached a maximum number of 
microorganisms and that a major change in the number of microorganisms occurs only 
during the first weeks of a new filter run. For a given concentration of the herbicide 
and a fixed contact time an increase in number of microorganisms leads to improved 
performance of the filter.
This was successfully demonstrated in the study of the removal of 2,4-D. When a new 
filter prepared by filling the bed with clean sand and cleaned fabric layering was set 
to run. Initially, when the filter was not sufficiently colonized by microorganisms there
Chapter 5 General discussion 231
was no removal of 2,4-D. As the filter continues to mature and microorganisms 
continue to colonize the filter bed removal of 2,4-D increased continuously and by day 
20 a complete removal of the herbicide was observed. This number of days cannot 
always be expected to be the same and can be smaller or greater than 20 based on the 
raw water quality and environmental conditions. The fundamental point is that removal 
and degradation of herbicides does not start before the filter is colonized by 
microorganisms.
4) Effect of contact time in the filter beds
Contact time in the filter bed, for microbiological processes, is defined, in space, as 
the depth from the surface where microorganisms reside in significant numbers or, 
in time, as the time the water remains in contact with the part of the filter (usually the 
top 10-15. cm depth). In batch studies the maximum amount of a herbicide 
accumulated by microorganisms depends on the different experimental conditions, 
contact time, the type of microorganisms used, and the concentration of the herbicide 
in the water.
Generally the available literature shows that equilibrium is reached in a matter of few 
seconds to hours. In the biological filters or indeed in any continuous flowing system, 
assuming a steady concentration of herbicide in the water, the equilibrium is shifted 
further to favour accumulation. This is because of the exposure of microorganisms to 
a constant concentration of the herbicide as opposed to a continuously reducing 
concentration of the herbicide in solution culture. It can therefore be expected that, for 
a given concentration of herbicide in the water, a microorganism will accumulate more
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in the biological filters than the values reported in the literature based on solution 
culture studies.
Lai (1982-1985) in his review has reported that, generally the time required to attain 
equilibrium is maximum for protozoa and follows the order: protozoa > fungi and 
algae > bacteria. In the biological filters there are many of these different organisms 
with different rates of accumulation. It is therefore reasoned that for a given 
concentration of herbicide and number of microorganisms the effect of contact time 
is that an increase in contact time generally increases the removal of a herbicide by 
increasing the time for slow reactions and processes to take place.
In the filter bed, time is limiting in that the water cannot stay for a protracted period 
of time. Given other requirements for removal, if the rate of accumulation of a 
herbicide requires more time than is allowed for by the contact time (as defined by the 
flow rate and the active bed depth) efficient removal of the herbicide could not occur.
Mathematically effective average contact time in the filter bed can be expressed as:
Contact time = (filter surface area)^. h) m^  /  R (mV hr)........................... Equation (34)
where h = bed depth from the surface, where microorganisms reside (usually 10 cm) 
d = is the diameter of the filter bed 
R = flow rate of water through the bed (mV hr)
The effect of bed depth and flow rate on the removal of herbicides was studied. In 
a series of experiments it was clearly demonstrated that the removal of these
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compounds occurred within the first 10 cm depth of the filter bed. And any increase 
of depth from 10 cm does not significantly alter the efficiency of removal. Effect of 
flow rate was similarly investigated and that for the removal of 2,4-D and MCPA up 
to a concentration of 11 pg/1, a change in flow rate from 0.06 to 0.12 m/h did not 
produce any significant change in the performance of the ^stem. It was reasoned that 
the rate of the removal process is much faster than the decrease in reaction time as a 
result of fast passage of the water through the filter bed.
5) Effect of concentration of herbicide.
The foregoing discussion has suggested that removal of herbicides by biological filters 
is limited largely by the average time the water stays in the active zone of the filter 
and the number of microorganisms colonizing the filter. Another limiting factor is the 
concentration of the he^icide. Given a set of conditions the percentage removal of a 
herbicide decreases as the concentration of the herbicide is increased. This was clearly 
demonstrated during March 95 where the biological filter was dosed with an 
increasing concentration of 2,4-D (see section 4.3.3).
The concentration of a herbicide affects the percentage removal in two ways. One is 
that if  the increase in concentration exceeds the rate of removal some of the herbicides 
in the water pass through the filter without being removed. The second is that an 
increase in concentration can get to a level of being toxic to the microorganisms in the 
filter hence microbial activity will be reduced.
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5.4.3.2 Biodégradation
Biodégradation refers to the degradation of a substance by the action of living 
organisms. Microorganisms in biological filters play a very significant role in 
degrading a number of compounds. In these filters all the other mechanisms of 
removal studied in the previous sections, such as adsorption and accumulation, have 
a limited capacity for removing herbicides. By comparison if a herbicide is removed 
by sorption and biodégradation then the removal of the compound continues as long 
as the overall condition of the filter remains in operation. This was successfully 
demonstrated for 2,4-D and MCPA in this study. However a number of herbicides 
have been shown in this and previous studies to have penetrated biological filters. This 
is mainly due to the resistance of these herbicides to microbial degradation.
The biodegradability of a herbicide therefore affects and determines whether a 
herbicide can be removed by biological filters or not. Biodegradability refers to the 
existence of enzymes and all necessary chemicals for both the transport and 
degradation of a compound, in this case of a herbicide by the major biological 
community of the filters.
In this research the significance of biodégradation was established by a sequence of 
experiments using the chlorophenoxy acid herbicide 2,4-D. It was clear from the study 
of adsorption on sand and organic dirt that adsorption was not the main reason for 
removal of the herbicide. The maturation experiment showed the presence of 
microorganisms were a precondition for the removal of 2,4-D. The depth experiment 
showed that removal of 2,4-D occurred in the area where there is the largest density
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of microorganisms. And finally direct evidence of the biodégradation of 2,4-D was the 
identification of one of the known biodégradation products of 2,4-D i.e. 2- 
chlorophenol.
The following section discusses the factors that affect the biodégradation of a 
herbicide by microorganisms in the filters.
1) Effect of nutritional condition
The amount of background nutrients and carbon sources in raw water can have a 
significant effect on biological filters performance for the removal of herbicides. For 
instance the presence of large amounts of biodegradable organic matter increases the 
number of microorganisms in the filter bed and as a result of this increase in number 
of microorganisms more herbicides can be biodegraded.
But if  there is an excess of biodegradable organic matter present in the raw water this 
can have a negative effect on the removal of the herbicide under question. This is 
because of the presence of an alternative probably less toxic and more energy 
yielding substrate. On the other hand the shortage of nutrients in the raw water means 
that the maximum number of microorganisms are not achieved in the filters, however 
they would be in a state of greater starvation and would be forced to adapt to use the 
available compounds including the herbicides in the raw water.
The presence of background energy source is needed if the herbicide is consumed for 
other than energy purpose, for instance as a nitrogen source, then presence of an
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energy source organic compound is essential. It must however be mentioned that this 
situation exists in laboratory controlled experiments while in natural waters there are 
more simple and easily absorbable nitrogen sources.
2) oxygen concentration
The biodégradation of different compounds differ in their oxygen requirements. This 
depends on whether the breakdown of the compound requires oxidative reactions or 
whether it requires reduction reactions. This in turn depends on the type of 
microorganisms involved in the biodégradation process. Lai (1982-1985) in his review 
has reported that the biodégradation of DDT in soil proceeds more rapidly under 
anaerobic than aerobic conditions. On the other hand Roan & Ware (1970) have 
shown in their review that the biodégradation of 2,4-D was reduced when the 
concentration of oxygen decreases.
In biological filter beds oxygen is being continuously replenished as the treated water 
flows through and a 'new' water flows in. By comparison to solution culture studies 
where the concentration of oxygen is being constantly reduced the biological filters 
maintain a fairly constant supply of dissolved oxygen. Therefore biological filters can 
be assumed to provide, at least in the top part of the filter an aerobic environment. 
Since this part is the part responsible for microbial degradation aerobic degradation 
would be expected to occur at a faster rate than anaerobic degradation.
3) Effect of microbial adaptation
Different microorganisms have been shown to have the ability of adaptation (Chapter
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1). Microorganisms undergo adaptation to herbicides which are initially toxic to them 
through enzymatic induction or derepression or selective change in population 
diversity to be able to remove the herbicide. However this phenomenon was not 
observed for both the removed and the herbicides not removed in the study. One 
reason for this may be that microorganisms usually require a lower concentration 
threshold for the process of adaptation to start to happen. In other words the 
compounds’ presence in the environment must be felt by being the only nutrient 
available for degradation and yet difficult to degrade, or the compound must be toxic 
to endanger the microorganisms.
4) Effect of multiple microbial interaction.
One limitation of directly applying pure culture studies to biological filter situations 
is that in pure cultures » pure strain of organism is subjected to different compounds 
and the results are the response of the single organism. However in biological filters 
a multiplicity of different organisms exist. These organisms may act ^nergistically to 
affect the degradation of the compound. A classic example of synergistic action is 
reported by Bradley et al, (1968). In their research they have shown that diazinon was 
not degraded separately by an Arthrobacter or Streptomyces but when the two 
organisms were present together in the same experimental condition a significant 
biodégradation of the compound was observed.
On the other hand the presence of a multiple microbial interaction can lead to what 
is known as antagonistic effect, i.e. the biodégradation capacity of an organism for a 
given compound can be depressed as a result of the presence of another organism. A
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good example of antagonistic effect is shown by Anderson & Lichtenstein (1972). In 
their experiment a pure culture of the fungus Mucor alternans was able to degrade 
DDT. However after the addition of some fungal spores this ability was lost.
5) Effect of toxicity of the herbicide
Toxicity is frequently regarded as the lethal effects of a chemical upon a particular 
organism. However several studies have reported toxicity as a change in growth rate, 
metabolic activity, and photosynthesis. The reduction in these parameters affects filter 
performance directly, by reducing the number of microorganisms to remove herbicides, 
and /  or, indirectly, by altering the physiological state of the organisms. It has also an 
important implication on the overall performance of the filter. In the study of the 
removal of the herbicides there was no significant change in the overall performance 
of the system with respect to basic physical and microbiological performance of the 
system.
5.4.4 Chemical factors
There exists certain factors which can be responsible for the removal of herbicides by 
biological filters. These include non - biological degradation, and chemical binding or 
chemisorption.
5.4.4.1 Non - biological degradation
Citing earlier work Stevenson (1982) reported that organic compounds containing 
nucleophilic reactive groups of the type believed to occur in humic and fulvic acids
Chapter 5 General discussion 239
(eg. COOH-, phenolic-, enolic-,heterocyclic-, and aliphatic -OH, semiquinones and 
others) are known to produce chemical changes in a wide variety of herbicides. Of 
additional interest is that, humic substances are rather strong reducing agents and have 
the capability of bringing about a variety of reductions and associated reactions. The 
known occurrence of stable free radicals ( according to Stevenson) in humic and fulvic 
acids further implicates organic matter in chemical transformation of herbicides.
However the non biological degradation of herbicides in the biological filters, for 
concentrations of the type usually found in surface waters, can be reasonably assumed 
to be negligible.
5.4.4.2 Chemisorption
Herbicides and their biodégradation decomposition products can undergo chemical 
reaction with different compounds both in the water and in the filter bed. Adsorptions 
through such reactions are usually termed chemisorption. Thus the loss of the side 
chain from the phenoxyalkanoic acids by enzymatic action leads to the formation of 
phenolic constituents which can either be oxidized further via the enzymatic route or 
undergo condensation ( probably as quinones) with amino compounds to form humic- 
like substances.
Generally the maximum ability of a biological filter in removing herbicides is 
therefore limited by the sum of all the different factors discussed in the previous 
sections.
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5.4.5 Quantitative aspects.
A biological filter consists of sand, organic and inorganic deposits, and different 
microorganisms. Each of these elements can at least theoretically contribute to the 
total removal of a herbicide. Another contribution to the measured reduction of 
herbicides across the filters can arise due to the influent water characteristics such as 
particle (dissolved organic and inorganic colloids and suspended materials). Let the 
loss in the raw water be Wr.
Let the contribution by adsorption on sand be (A,). Generally herbicides adsorb on 
to organic and inorganic colloids by different mechanisms, let this contribution be 
(Aj,i). Microorganisms are very well known to remove herbicides (see chapter 1), and 
let this contribution be (Bio), another factor could be non-biological degradation (Ny^) 
of the compound. Each of these contributing elements depends on a number of other 
factors such as pH of the medium, temperature, nature of the herbicide such as polar 
or non - polar, charged or uncharged, and the nature of the dominant organic or 
inorganic deposit.
If  the filter unit has no herbicide removing capacity, for a control volume (V) dosed 
to the filter under a steady state situation, equation (35) should hold:
Cinf = Qff ...............................................................................;..........Equation (35)
where = the concentration of the herbicide in the influent water 
the concentration of the herbicide in the effluent water.
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Any inequality in the above equation could be explained by one or all of the above 
mechanisms of removal. At this point an assumption is made that, the contributing 
factors are uniformly distributed or are fairly abundant and that when the herbicide 
enters the filter bed at the different surface points of the filter surface, it can be 
assumed that irrespective of the point of entry each herbicide will be encountered by 
enough or an abundance of the sinks (removing factors) and point of entry does not 
matter.
If  removal occurs the following equations (see equation 36- 39) should hold:
Cinf ^ ......................................................... .................................. Equation (36)
=> Cjnf - Ccff = Removal.........................................................................Equation (37)
Removal = A, + A .^ + Bio + Wr..................................................... Equation (38)
Cinf - CefT = A, + A„i H-Bio + Nbi„ + W r ................................................. Equation (39)
The extent of both A„ and A i^ in equation (39) could be measured. Wr could be 
calculated from the recovery of the compound from the same water. The non - 
biological degradation of the compound can be reasonably assumed to be negligible 
for the herbicide concentration of interest of the type found in surface water. Hence 
equation 39 simplifies to:
- Qff = A, + A„j + B io ........................................................... Equation (40)
Cinf - Ceff - K -  K  =  Bio .............................................................Equation (41)
All the four parameters in the above equation (Equation 41) are measurable for the 
control volume, hence the above equation can be used to calculate the biological
removal of a herbicide by the filters. A direct estimation of biological removal could
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also be performed by measuring a degradation product of the compound, from the 
stoichiometry of its production the concentration of the herbicide removed can be 
calculated. The percent production of the metabolite is the conversion ratio of the 
herbicide by the filter.
The later evidence is a very qualitative evidence as it has some quantitative short 
comings. This is usually more so if  the biodégradation product(s) is itself a 
biodegradable compound, or is prone to association, decomposition or polymerization 
reactions.
5.4.6 Limitations of herbicide removal by biological filters
1) Not every herbicide can be removed by biological filters.
Today hundreds of herbicides are in use, out of these very many herbicides only a 
limited number can be removed by biological filters. This is mainly because of the 
resistance of herbicides to biodégradation. Therefore for the production of a 
wholesome water biological filters have to be used in conjunction with other treatment 
systems.
2) The removal of a parent herbicide might result in an addition of a metabolite in the 
effluent water.
Biological breakdown of herbicides is the main factor for the removal of herbicides 
by biological filters. It is however common knowledge that the biodégradation of 
herbicides does not always end in total mineralization of the compound to carbon
Chapter 5 General discussion 243
dioxide, water ammonia etc. This therefore results in the addition of a metabolite after 
the removal of the parent herbicide to the treated water. The generation of 2- 
chlorophenol as a result of 2,4-D removal was observed in this study.
3) There is a potential loss of basic water quality improvements by a biological filter 
as a result of removal of herbicides.
Herbicides are toxic chemicals and are known to have either, fatal effects, reduce 
growth rate, metabolic rate and photosynthetic activity of microorganisms. As a result 
of one or all of these the overall performance of the biological filter, which relies on 
these microorganisms, can be affected. However this was not observed for the studied 
herbicides.
4) There is a potential difference in the ability of biological filters in different places 
to remove herbicides.
Microorganisms in biological filters in different places are under the influence of 
different environments. The differences in these environments can lead to colonization 
of the filter bed by different microorganisms. This difference in the microbial 
community of the filters can be reflected in their capacity for the removal of 
herbicides. This means that data collected in one place does not always apply for 
another place and each case has to be studied separately.
5) The ability of biological filters in removing herbicides is not the same throughout 
the year.
Though it is not clearly understood, biological filters' capacity in removing a given
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herbicide varies throughout the year. The following explanations are suggested. One 
may be that a mere change in the water quality can present microorganisms with 
alternate nutrients which have better substrate characteristics and lower toxicity 
compared to the herbicide. The other explanation is that the different seasonal changes 
bring about changes in the environmental and water quality parameters. These bring 
about different selective colonization criteria and hence different microorganisms in 
the filter bed. The composition of the new community structure may be reflected in 
the ability of the filter to remove herbicides.
5.4.7 Predicting the removal of a herbicide by biological filters
Now that the types of herbicide removed are identified, and removal efficiency 
quantified, factors affecting removal both environmental and water quality, are 
determined. But how can we use this data as a model to predict removal of a given 
herbicide by the filter is the next question to be answered?
The key factors which can influence the removal of a compound by biological filters 
are: biodegradability, the rate of the biodégradation process, solubility, toxicity, and 
the concentration at which the herbicide is applied. A herbicide which would have a 
possible efficient removal by microbiological means would be readily biodegradable, 
it would also have a fast biodégradation rate and low toxicity to filter microorganisms. 
High solubility facilitates bulk transport of the herbicide to the microorganisms in the 
bed.
Chapter 5 General discussion 245
A herbicide, however, might not be removed even after fulfilling these requirements 
this might be due to weak membrane permeability or limitations in the chemical 
structure of the herbicide.
A herbicide with all the above qualities, except that of low solublility would be 
expected to be removed. But the extent of its removal will be dictated by the rate of 
diffusion of the compound to the surface of the microorganisms. This herbicide will, 
in addition, be expected to be removed by the physical means discussed.
On the other hand if  a herbicide possesses the property of not being biodegradable, 
as well as being toxic to the filter microorganisms at the concentration of interest and 
has a high solubility, then the herbicide is most likely to penetrate the filter without 
much change in concentration and with a possible influence on the basic functioning 
of the filter. Some of these predictions, however, are made uncertain because of the 
difficulties associated with handling a large number of variables, some of which are 
interacting with each other.
It is clear that biodegradability is a strong indicator of whether a herbicide will be 
removed by a biological filter or not. It must be remembered, however, that a 
herbicide may be biodegradable but the kinetics of the biodégradation reaction may 
be too slow for practical purposes and under the operating conditions of biological 
filters it could be considered negligible.
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